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Aspects of magnesium (Mg) metabolism were investigated in mature female sheep housed , 
ii 
. .indoors in metabolism crates. Three in vivo experiments and one in vitro experiment were 
conducted. Experiment I involved studies on the interactions between dietary Mg and potassium 
(K) intakes and their effects on net Mg absorption. In Experiment 2 the sites of Mg absorption 
within the large intestine were investigated. Prior to Experiment 4 an in vitro study was 
undertaken to detennine the response of Mg solubility to pH manipulation in rumen and caecal 
digesta. Finally in Experiment 4 the effect of pH change on Mg solubility and net Mg absorption 
from the large intestine was studied in vivo. 
In Experiment I intraruminal infusions, 12 d in duration, were used to supply 16 sheep with 4 K 
(16-46 g/kg DM/d) and 4 Mg (1.3-3.1 g/d) levels within the range likely to be experienced in 
New Zealand pastures. Net absorption of Mg was estimated from changes in plasma Mg 
concentration, urinary and faecal Mg excretion and duodenal Mg flow. 
Duodenal Mg flow was used to estimate Mg absorption from the rumen. At low Mg (1.3g/d) and 
high K (46 g/kg DM) intakes only 0.08 :t 0.120 g Mg/d was absorbed from the rumen compared 
with 0.46 :t 0.191 g/d at high Mg (3.1 g/d) and low K (16 g/kg DM/d) intakes. The decline in Mg 
absorption from the rumen across the range of K treatments was associated with a 0.3 unit 
increase in rumen digesta pH and a decline in Mg, solubility from 0.38 to 0.30. 
Urinary Mg excretion was used to estimate net absorption of Mg from the whole digestive tract. 
Increasing K intake from 16 to 46 g Klkg DM decreased urinary Mg excretion by between 0.14 
and 0.30 g/d for all Mg treatments. The decline in urinary Mg excretion was associated with a 
decline in the coefficient of absorption, viz. the proportion of total daily Mg intake excreted in 
urine and entering the extracellular fluid Mg pool, from 0.30 allow K intake to between 0.13 and 
0.22 for Mg intakes of 1.3 to 3.1 g/d, at high K intakes. 
Increasing K intake resulted in a decline in net absorption of Mg from the whole digestive tract, 
supporting the findings in the literature. 
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'The results of Experiment 1 suggest that high K intakes impair Mg absorption from the rumen 
and that some site distal to the rumen is involved in compensatory absorption when Mg 
absorption from the rumen is low. It was speculated that the large intestine is the distal site with 
possible reasons being discussed. Magnesium absorption at high K intakes was increased by 
increasing Mg intake, which is an important practical finding. 
Secondly, having observed that Mg absorption from sites distal to the rumen appear to be more 
important as net absorption of Mg from the rumen declined, Experiment 2 was designed to 
investigate the potential sites of Mg absorption within the large intestine. Four grams of Mg were 
infused into either the tenninal ileum, proximal colon or rectum during 10 h. Apparent 
absorption ofMg was estimated from-changes in plasma Mg concentration and urinary Mg 
excretion. 
Mean increases in urinary Mg excretion of 53.9,59.1 and 81.2 mg/h for ileal, colonic and rectal 
infusions, respectively, were observed in samples collected between 6 and 12 h from the start of 
the treatment period. Plasma Mg concentrations were elevated by (10 to 14 mg/ll_ after 4, 5 and 
6 h of rectal, colonic and ileal infusions, respectively. Between 0.15 and 0.18 of infused Mg was 
excreted in urine from all 3 infusion treatments while the increase in the extracellular fluid Mg 
pool equated to 10 % of urinary Mg excretion. Overall apparent absorption of Mg infused into 
the large intestine was 0.17-0.20. 
Net Mg absorption occurred from all regions of the large intestine at a constant and relatively low 
rate of uptake. 
Thirdly, Experiment 3 involved manipulation of rumen and caecal digesta pH, in vitro, in order to 
provide data to generate response curves of Mg solubility versus pH. Rumen and caecal digesta 
were collected, post euthanasia, from animals offered either hay or concentrate diets, or grazing 
pasture. Subsamples of digesta were added to a series of plastic containers and mixed with 
sulphuric acid or sodium hydroxide solutions of various concentrations, incubated at 39 • C for 
1 h and the pH detennined. The Mg concentration in the 30 000 g supernatant fraction was 
determined and Mg solubility, over a range of pH ~alues, calculated. 
Magnesium solubility in the 30 000 g supernatant fraction of both rumen and caecal digesta was a 
function of pH. With rumen digesta Mgsolubility declined from 0.86 at pH 5 to 0.30 at pH 7 and 
differences in response between diets were small. Conversely, in caecal digesta differences were 
observed among diets in both the maximum solubility observed and the rate of decline in 
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solubility with increasing pH. At pH 5, 0.90 of Mg from hay and concentrate diets was soluble 
... compared with only 0,80 for herbage~ ·By pH7 Mg solubility in digesta from hay and concentrate 
fed animals was almost double (0.64 vs 0.36) that in digesta from grazing animals. 
Finally, to help understand post rumina! absorption mechanisms Experiment 4 was undertaken to 
detennine the nature of the response of Mg solubility to pH change, in vivo. Five volatile fatty 
acid (VFA) treatments, 0-880mmoVd, were infused into the tenninal ileum for 24 h. Blood and 
. urine samples were used· to estimate changes in net absomtion of Mg and colonic digesta samples 
collected to monitor digesta pH and Mg solubility changes. 
Digesta pH decreased by 2.1 :t 0.48 pH units and Mg solubility increased from 0.21 :t 0.03 to 
0.52:t 0.01 with the 880 mmol VFA infusion. Urinary Mg excretion increased during the first 4 
h of infusion on all treatments but this increase was not sustained so that by 24 h urinary Mg 
- . excretion was at or below levels prior to infusion. Increasing VFA infusion tended to decrease 
plasma Mg concentration. 
Results indicated that, in vivo, proximal colonic digesta is responsive to pH. The lack of response 
of Mg absorption to increased Mg availability is· difficult to explain but possible reasons are 
discussed. 
In summary, although high K intakes can impair Mg absorption from the rumen Mg absorption 
from the entire digestive tract can be increased by increasing Mg supply. The importance of post 
ruminal absorption of Mg appears to increase as rumen absorption of Mg decreases. Magnesium 
can be absorbed from throughout the large intestine. The lack of infonnation on the physiological 
changes occurring the large intestine during Experiments 2 and 4 make it difficult to draw finn 
conclusions on the transport mechanism involved in Mg uptake from the large intestine. The 
limited evidence available suggests that an energy dependent carrier system may be involved. 
Within the large intestine Mg availability is responsive to pH and it is possible that significant 
differences occur between diets which are not directly attributable to pH. 
. Keywords magnesium; hypomagnesaemia; grass tetany; absorption; potassium; rumen; 
digesta pH; large intestine; volatile fatty acids; transport mechanisms; duodenal 
flows; minerals; ruminants. 
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CHAPTERl 
Introduction 
Hypomagnesaemic tetany (grass tetany) is a nervous disorder characterised by convulsions and 
associated with low magnesium (Mg) concentrations in the cerebrospinal fluid and blood. 
Economic losses to the New Zealand dairy industry through reduced mllkfat production and cow 
deaths are estimated at $NZ 28 million annually (Ellison, 1991). Animals are most susceptible 
during the spring season when low pasture Mg levels combined with high pasture potassium (K) 
levels and increased herbage growth rates, as a result of nitrogen and potassium fertilizer 
applications, appear to be the major contributing factors to the high incidence. 
It is common practice of many dairy farmers to use supplemental Mg during this period of high 
risk (Holmes & Wilson, 1987). At a time when cOllSUJller resistance against chemical 
intervention in animal production is increasing, research is required to devise management 
strategies to reduce the need for time consuming and costly supplementation. To develop such 
strategies an understanding of the mechanisms of Mg metabolism and the factors affecting 
absorption are necessary. 
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In this thesis the effects of dietary factors on Mg absorption from the digestive tract are discussed. 
Balance studies on sheep were used to detennine the effects of K intake on net Mg absorption 
from the digestive tract. Results from the first trial lead to emphasis being placed on the large 
. intestine as a potential site of Mg absorption, especially when rumen absorption is impaired. 
Intensive trials were carried out, in sheep, to try and ascertain the sites and mechanisms of net Mg 
uptake within the large intestine. Finally the results of these studies are discussed in relation to 
the New Zealand dairy industry. 
CHAPTER 2 
Review of the Literature 
2.1 Introduction 
This chapter isa general review of the literature. The first section deals with magnesium (Mg) 
distribution in the body and the functions in which Mg is involved. The aim of this section is to 
convey the importance of Mg in physiological processes within the body. A section on Mg 
homeostasis deals with urinary and faecal Mg excretion, Mg losses in milk and plasma Mg 
concentrations. A large part of this chapter focuses on the sites of Mg absorption within th~ 
.. ruminant digestive tract. the mechanisms of absorption and factors known to affect Mg uptake 
from the digestive tract. Finally, because much of the work. presented in this thesis involves the 
large intestine, the anatomy of the large intestine is discussed. 
2.2 Magnesium distribution in the body 
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Magnesium is the second most abundant intracellular ion in mammals, and is the fourth most 
abundant cation in the body. A 55 kg sheep and a 400 kg cow contain approximately 0.74 and 7.4 
mol (18 & 180 g) ofMg respectively (Grace, 1983a). Of this approximately 70 % is associated 
with the skeleton, 25 % with the skeletal muscle mass and 1 % is found in the extracellular space. 
The labile pool of Mg viz. that Mg that can be utilised during dietary deficiences, is primarily 
contained in connective tissue, skin and the soft tissue of the abdominal cavity. Three quarters of 
total bone Mg is absorbed to apatite. This bound Mg is in equilibrium with the ionized Mg of the 
extracellular fluid and in young animals can be readily released when whole body Mg deficiency 
occurs. In mature animals the Mg in bone,. muscle and red blood cells exchanges very slowly 
(Reinhart, 1988). The ability to mobilize bone Mg decreases with age (Bbel & Gunther, 1980) 
and is a function of the rate of bone resorption. 
In human plasma 55% of the Mg is in the free ionized fonn, 32% is nonspecifically bound to 
plasma protein with the remainder being complexed with phosphates, citrates and other agents 
(Bbel & Gunther, 1980). Plasma Mg in ovine and bovine blood appears to exist solely as a single 
complex ofundefmed composition (Blincoe & Woodin, 1984). The complex is intermediate in 
3 
size between free Mg ion and small plasma proteins and appears to be less positively charged than 
free Mg ions (Blincoe & Woodin, 1984). It is common practice for measurements of Mg to be 
made in serum for clinical Mg diagnosis. However, this only assesses a small part (1 %) of the 
total body Mg content. Within the cell Mg is not evenly distributed, most of it is bound to 
microsomes (George & Heaton, 1975). During Mg deprivation the Mg content of mitochondria 
and the amount of mitochondria per cell decrease (George & Heaton, 1975). 
2.3 Functions of magilesium 
In this section a brief outline will be given on the functions of Mg in the body. The first section 
deals with the role of Mg at the cellular level and this progesses to the functions of Mg in PlJ>tein 
- -- synthesis and muscle contraction. 
2.3.1 Enzyme activation 
Magnesium is a cofactor necessary for the function of approximately 300 cellular enzymes (Ebel 
& Gunther, 1980), which are involved in oxidative phosphorylation and the metabolism of 
carbohydrates, lipids, ,proteins and nucleic acids (Grace, 1983a).1 
2.3.2 Protein synthesis 
An early sign of Mg deficiency is impaired growth with hypoproteinemia. Larvor (1983) 
reviewed the effect of Mg on protein synthesis and reported that in rats Mg deficiency reduces 
protein synthesis even when reduced appetite is taken into account. During Mg deficiency DNA 
synthesis does not appear to be modified except in the hypeIblastic tissues of the thymus and 
spleen and there is little change in RNA production (Zieve, Preude & Zieve 1977). Larvor (1983) 
concluded that impaired mitochondrial metabolism may be responsible for this decrease in protein 
metabolism. 
2.3.3 Muscle contraction 
Outside the cell Mg plays an important role in nerve conduction,-transmission and in the 
myoneural junctions and in muscular contractions (Rook & Story, 1962). Tetany is the classic 
symptom ofMg deficiency. Larvor (1983) reported that the cerebrospinal fluid Mg concentration 
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(CSF) and electroencephalogram ofMg deficient animals are generally the same as Mg sufficient 
animals. ·However, these animals are more sensitive to tetany inducing stimuli such as sound and 
electroshock. An elevation of calcium (Ca) concentration or a reduction in Mg concentration 
results in the release of acetylcholine at the nelVe endings (Hubbard, Jones & Landau, 1968). 
This release of acetylcholine in both cases raises the frequency of end plate potentials which gives 
rise to increased muscle stimulation and possibly tetany. 
It is possible that the Ca pump of the sarcoplasmic reticulum is involved in tetany since it is 
strongly Mg dependerit (Martens & Rayssiguier, 1980; Souza & De Meis, 1976). Calcium 
leakage from the sarcoplasmic reticulum pump during Mg deficiency may induce muscle fibril 
contraction resulting in tetanic seizures. 
Low blood or plasma Mg has generally been linked with deficiency symptoms. However 
~rch ha.s shown that ~e ~F is the critical pool associated with onset of hypomagnesaemia 
tetany (Meyer & Scholz, J972) '. Mg concentration in CSF is buffered against change by the 
-- '--c..-.- _. ,_,",.,--- I 
plasma Mg pool. Pauli & Allsop (1974) compared plasma and CSF samples from field cases of 
hypomagnesaemia with samples from equally hypomagnesaemic but asymptomatic cows from 
the same herd. The only difference obselVed between the groups was that the CSF Mg 
concentration was lower in the group with hypomagnesaemia tetany. A concentration of 
0.66 mM (Meyer & Scholz, 1972) in CSF appears to be the critical concentration for the onset of 
clinical signs of grass tetany in cattle. The importance of CSF Mg concentrations in the onset of 
grass tetany means that low plasma Mg concentrations are not always inducive to 
hypomagnesaemic tetany. 
2.3.4 Summary of the role of magnesium 
The widespread nature of Mg in the body and its importance in many biological reactions results 
in Mg deficiency having a detrimental effect on animal health and production. The absence thus 
far of a physiological mechanism for controlling supply of Mg to the extracellular fluid suggests 
that Mg deficiency did (and does) not present a great problem of survival to wild ruminants. 
However, through domestication and striving for maximum production in fanned animals, 
especially ruminants, deficiency situations are often encountered. An understanding of Mg 
metabolism and homeostasis is required if the incidence of hypomagnesaemia is to be managed. 
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2.4 Magnesium homeostasis 
2.4.1 Introduction to magnesium homeostasis 
Unlike Ca there seems to be no tightly regulated homeostatic mechanism for controlling Mg 
absorption from the digestive tract in ruminants and this, combined with the absence of a readily 
availablemobilizable pool of Mg in adult ruminants, -makes these animals particularly susceptible 
to hypomagnesaemia. The kidney plays -an important role in the maintenance of plasma and 
tissue Mg concentrations. 
2.4.2 Magnesium pools in the body 
Nonnal plasmaMg concentrations rangefrom 0.74-1 mM(18-25 mg/l)-while hypomagnesaemic 
animals may have plasma Mg levels of only 0.2 mM (5 mg/l) or below (Grace 1983a: Rook & 
Balch, 1958). Plasma Mg levels appear to be under very little control and under normal 
conditions there appears to be no specific honnonal involvement, although there is speculation 
that circulating levels of parathyroid hormone (PTH) may influence Mg metabolism. There is, 
however, evidence (Blaxter & McGill, 1956; Care, 1960) for a mobilizable pool ofMg within the 
body. The site most likely to contain most of this reserve is bone with up to 30% of skeletal Mg 
being mobilized in young animals (Blaxter & McGill, 1956). Young rapidly growing calves 
placed on a Mg deficient diet will resorb bone mineral with normal Mg content and replace it 
with Mg-poor bone mineral during bone.JonnatigU (Reinhardt, Horst & Goff, 1988). As bone 
resorption slows with age so too does the animals ability to mobilize Mg in times of deficiency. 
Thus mature -animals have very small mobilizable reserves of Mg from this source. 
2.4.3 Urinary magnesium excretion 
As there appears to be no mechanism within the animal to regulate absorption of Mg, renal Mg 
reabsorption plays a vital role in the maintenance of total body Mg. Unlike monovalent ions Mg 
is not freely filterable as 30% of plasma Mg is bound to protein (Ebel & Gunther, 1980). The 
diffusible fraction is filtered by the glomerulus, concentrated by the removal of water in the 
descending limb of the Loop of Henle and 60-75 % reabsorbed in the thick ascending limb 
(Reinhardt et al., 1988). Very little Mg absorption occurs from the distal convoluting tubule or 
the collecting duct. 
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Endogenous Mg loss in mature ruminants appears to be constant and not affected by Mg supply 
or dietary factors inhibiting absorption. It has been demonstrated (Newton, Fontenot, Tucker & 
Polan, 1972) using intravenous injections of 2IMg that high K intakes reduce Mg uptake by 
interfering with Mg absorption rather than increasing endogenous Mg loss. ARC (1980) 
suggested that increasing net endogenous faecal loss of Mg may be reduced during Mg deficiency 
however this does not appear to have been substantiated. 
2.4.5 Magnesium losses during lactation 
Magnesium is a major mineral constituent of milk. However, relatively little attention has been 
paid to mammary tissue as a site of Mg uptake and exchange. It is known that lactation 
significantly increases Mg requirements with each 1 kg of milk produced by a cow containing 
4;9 mmol Mg (0.12 g)(Grace, 1983a). Robertson, Paver, Barden &Marr (1960) found that the 
~oncentration of Mg in milk can remain constant over a wide range of serum Mg levels, 
suggesting an active transfer of Mg from blood to milk, an active system would be required to 
carry Mg from a low concentration in blood, viz. ImM, to the higher concentration, viz. SmM, in 
milk. Mg losses in milk in a heavily lactating dairy cow may amount to 3 g/d which represents a 
large proportion of dietary Mg absorbed by these animals (Robertson et aI., 1960). 
While Rook & Storry (1962) found no effect of stage of lactation or milk yield on Mg 
concentration Field (1970) observed an increase in Mg concentration with duration of lactation. 
2.4.6 Summary of magnesium homeostasis 
This section has summarised the sites of Mg loss in ruminants and the factors known to affect the 
rate of Mg excretion. The absence of a tightly regulated homeostatic mechanism for Mg control 
combined with the low efficiency of absorption and absence of a labile reserve of Mg within the 
body of mature ruminants means that dietary Mg serves as the only significant means by which 
Mg can enter the extracellular pool. 
2.S Magnesium requirements 
The relative requirements of sheep and cattle are similar with the major net requirements being 
for maintenance, 3 mgMg/kg body weight (ARC, 1980), and lactation, 0.17 and 0.12 g/kg milk 
for sheep and cattle respectively (Grace, 1983a). Magnesium is also required by ruminants for 
9 
pregnancy and growth. A review of the actual Mg requirements for different classes of livestock 
"--'duringvariousphysiological conditions has been presented by Grace (1983a). 
The coefficient of absorption of Mg from the diet is of the order of 0.9 in very young milk fed 
animals (Smith 1957, 1959 & 1961) but this declines rapidly with age especially once rumination 
begins. Smith (1961) demonstrated, with intact calves fed milk, an eventual decrease in overall 
net Mg absorption; by ·15· weeks of age, to a constant mean value of 22 % -of Mg intake. The 
large magnitude of difference' between -these coefficients and those obtained for mature grazing 
ruminants enables justification of a separate coefficient for this group. ARC (1980) designates 
the following coefficients of absorption for milk fed ruminants. 
50 kg calf (or a 5 kg lamb) 0.7 
75 kg calf (or a 7.5 kg lamb) 0.3 
100 kg calf (or a 10 kg lamb) 0.2 
The coefficient of absorption in mature ruminants is dependent on the physiological state of the 
animal, its age and diet For calculation of average requirements a mean value from the literature 
is 0.294 but for calculation of daily allowances a more conservative value of 0.17 is used (ARC, 
1980). 
2.6 Magnesium absorption - sites and mechanisms 
2.6; 1 Introduction 
Magnesium is absorbed from the ruminant digestive tract as a freely diffusing ion (Field, 1983; 
Waghom, Shelton & Sinclair, 1990) and despite a high proportion (50-100%) (Storry, 1961a) of 
total Mg in rumen, abomasal and duodenal digesta existing in the soluble or ultrafllterable 
fraction, the proportion absorbed from normal diets remains low, between 0.14 and 0.44 (Blaxter 
& McGill, 1956; Rook & Balch 1958; Waghom et ai., 1990). Field & Munro (1977) suggested 
that the rate limiting step in Mg absorption is not the amount of ultrafilterable Mg in the liquid 
phase of digesta. but rather the actual transport mechanism across the gut wall. It seems likely 
that low apparent availability of Mg in ruminants is due to factors affecting Mg absorption from 
the forestomach. 
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2.6.2 Magnesium distribution in digesta 
It appears that like most other minerals, Mg solubility is a prerequisite to absorption so that the 
concentration and distribution between the solid and soluble (supernatant) fractions of digesta is 
important (Field, 1983; Waghorn et aI., 1990). There are a number of factors in the feed which 
determine the extent of mineral solubilization. Ibrahim, Vander Kamp, Zemmelink. & 
Tamminga (1990) summarised these as:-
a; the distribution of minerals in the plant cell, that is cell contents and cell wall. 
b. the mineral aSsociation with the cell wall components for example zinc cellulose 
binding. 
c. the form in which the mineral is present. 
d. the association of the mineral with protein . 
. e. the association or interaction with other minerals, for example with aluminium. 
Within the digestive tract an equilibrium exists between bound Mg (that associated with the solids 
fraction) (Fitt, Hutton & Otto, 1974) and unbound (soluble) Mg (Smith & Hom, 1976). Any 
digestion of the binding material (cell wall, microorganisms etc) or absorption of unbound Mg 
should therefore result in liberation of bound Mg (Waghorn et al., 1990). However, associated 
with the reduction in acidity as digesta passes down the digestive tract is an increase in the 
proportion of Mg bound to suspended material of dietary and bacterial origin. Such binding 
reduces the amount of Mg available for absorption. 
Some Mg also exists precipitated as insoluble salts. The results of Smith & Me Allan (1966) 
suggest that,under conditions likely to exist in the rumen, precipitated Mg exists as Mg 
ammonium phosphate or mixed Mg calcium phosphate. This has been discounted by 
Hemmingway & Brown (1967) who used Mg ammonium phosphate as a Mg source in growing 
lambs. 
Mg solubility declines from 80-90 %, at pH 2.6-3.0, in the proximal duodenum (Ben-Ghedalia, 
Tagari, Zamwell & Bondi, 1975; Grace & Davies, 1975; Grace, Davies & Munro, 1977; Storry, 
1961b; Waghorn et al., 1990) to only 34 % in cattle (van't Klooster, 1967) and 50 % in sheep 
(Grace et al., 1977; Grace & Davies, 1975) in the terminal ileum (PH 7.7-8.2). The decline in Mg 
solubility as pH increases is thought to be due to the fonnation of insoluble Mg complexes. 
Howeve~the nature of these complexes remains unclear. 
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2.6.3 Sites of magnesium absorption 
2.6.3.1 Forestomach 
The mid 1970's maIked the turning point of research into Mg absorption from the digestive tract 
when Tomas & Potter (1976ab) demonstrated that the reticula-rumen was the primary site of Mg 
.. absorption-within the stomach of ruminants. Since thenMgresearch has focused on this area 
(Field & Munro, ·1977; Gabel -& Martens 1985; Martens, Hanneyer & Michael, 1978). Earlier 
work (Ben-Ghedalia tit al., 1975; Harrison, 1971; Rogers & van't Klooster, 1969) implicated the 
omasum as the absorbing organ since, anatomically, it is adapted for absorption and the increased 
concentration of digesta minerals due to water absorption make conditions favourable for uptake 
by solvent flow, viz. Mg transfer across the epithelium as a passive transfer in association w,ith 
. water uptake. However,an unfavourable electrochemical gradient and short retention time of 
digesta in the omasum militate against it as an important site and Tomas & Potter (1976b) 
completely recovered omasally infused Mg at the duodenum. 
Absorption occurs from the reticulo-rumen in both sheep (Grace & Body, 1979; Grace, Ulyatt & 
MacRae, 1974; Pfeffer, Thompson & Annstrong, 1970) and cattle (Kemp, van't Klooster, Rogers 
& Geurink, 1973; Martens, 1983; Rogers & van't Klooster, 1969) despite an unfavourable 
electrochemical potential gradient (Care & van't Klooster, 1965; Phillipson & Storry, 1965). The 
amount of Mg absorbed in the rumen and a quantitative description of flows is presented in 
Table 2.1. 
2.6.3.2 Small intestine 
Net magnesium absorption from this site remains low despite 78 % of total Mg entering the 
duodenum in sheep (Ben-Ghedalia et al., 1975) and 90 % in cattle (van't Klooster 1967) being in 
a soluble fonn. In both sheep (Ben-Ghedalia et al., 1975; Bown, Poppi & Sykes, 1989; Grace 
et al., 1974; Tomas & Potter, 1976a) and cattle (Hom & Smith, 1978; Smith, 1969) net secretion 
of Mg into the small intestine has been observed. 
2.6.3.3 Large intestine 
Robson (1989). was unable to develop a reliable model of Mg metabolism without including a 
component of Mg absorption from the hind gut region. Magnesium absorption from the large 
intestine had been previously observed (Bown et al., 1989; Dalley & Sykes, 1989; Field & 
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Munro, 1917; Meyer & Busse, 1975; Reynolds, Bell & Sims, 1984) but its significance not 
understood. It haS been-suggested (Grace & MacRae;'1972; McLean, Buchan & Scott, 1984; 
Tomas & Potter, 1976b) that although Mg was absorbed from the hind gut region the quantities 
involved were similar to the net secretion that occurred in the small intestine. Despite 
considerable potential for Mg absorption from the large intestine, Tomas & Potter (1976b) 
observed that absorption from the intestines as a whole was insufficient to maintain plasma levels 
or Mg balances obtained with absorption from-the entire gastro-intestinal tract. Young ruminants 
may be the exception as 35% of Mg is absorbed from this site in young calves, 2-3 weeks old 
(Smith, 1962). 
Dillon & Scott (1979) studied Mg absorption from the digestive tract of calves during the 
transition from milk feeding to a total concentrate diet Prior to weaning both the small and, large 
intestines were important sites of Mg absorption and almost all (99 %) of dietary Mg was 
absorbed. After weaning absorption was almost entirely confined to sites anterior to the 
duodenum with 51 % absorption from the rumen to the proximal duodenum and only 9 % in the 
small and large intestines. It was concluded that the loss of hind gut Mg absorption was related to 
the development of rumen function. The mechanisms behind this change in site of absorption 
with age are unclear. 
Table 2.1 The flow of magnesium (gld) along the digestive tract and the amolUll absorbed or secreted (gld) in the rumen, small intestine and large 
intestine of sheep offered three pasture species. Adapted from Grace (1983). 
Diet In diet Entering Netabs ~ving Net In faeces Net Ref 
duodenum from ileum secretion absorptim 
stomach into small fromJarge 
intestine intestine 
Perennial 
ryegrass 1.76 1.44:1:0.026 0.32 1. 76:1:0.079 0.32 1.23:1:0.038 0.53 Grace et al., 1974 
Short 
rotation 
ryegrass 1.84 1.38:1:0.059 0.46 1.6UO.068 0.32 1.34:1:0.038 0.27 Grace et al., 1974 
White 
clover 2.04 1.03 :1:0.111 0.24 1.29:1:0.188 0.26 1.04:1:0.090 0.25 Grace et al., 1974 
Dried 
pasture 1.67 1.09:1:0.03 0.58 1.17:1:0.09 0.08 1.04:1:0.02 0.13 Grace & MacRae, 1972 
Hay:barley 1.49 1.18 0.31 1.41 0.23 1.27 0.14 Pfeffer et al., 1970 
Hay 1.22 1.03 0.19 1.28 0.25 0.97 0.31 Pfeffer et al., 1970 
-w 
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2.6.4 Mechanisms of magnesium absorption 
2.6.4.1 Rumen 
The understanding of the mechanism of absorption of Mg from the digestive tract has been 
-complicated in the past by the fact that Mg passes-in-both directions across the gut wall. 
Therefore, net Mg absorption is the sum of the mucosal to serosal flux (JmJ and the reverse flux 
from the serosal to mucosal surfaces (JuJ of the epithelium. For passive transfer of Mg to occur 
across the rumen wall the physical forces of concentration gradient, electrical gradient and solvent 
flow must be favourable for net mucosal to serosal flux of Mg ions. 
Although the rumen mucosa has-been found to be penneable to Mg at very high concentrations in 
rumen fluid (Stewart & Moodie, 1956), the Mg concentrations normally found are considered to 
be less than those required to overcome the electro-chemical gradient (Tomas & Potter, 1976a). 
McLean et al. (1984) observed Mg concentrations in rumen fluid of sheep, with Mg intakes of 
3.29 and 4.29 g/d, that were conducive to transport of Mg ions across the rumen epithelium by 
passive diffusion. However, the observation by these authors of Mg absorption at rumen fluid 
Mg concentrations less than those required to overcome the electro-chemical gradient, viz. rumen 
fluid Mg concentrations of 4.03 and 7.72 mmol/l when that required to overcome the 
electro-chemical gradient was 8.21 mmol/l, led to the conclusion that active transport of Mg 
across the rumen epithelium was occurring. 
Martens, Hanneyer & Breves (1976) and Martens et aI. (1978) observed net Mg absorption from 
the rumen against an electro-chemical gradient in the presence of a transmural potential difference 
(p.d.). A p.d. of approximately 30 m V (blood positive) between rumen contents and blood has 
been measured (Scott, 1966; Sellers & Dobson, 1960). Martens et al. (1976, 1978) observed the 
following factors supporting the hypothesis that Mg absorption from the rumen is an active 
process. Using isolated rumen epithelium it was demonstrated that the process is saturable 
(Figure 2.2) and is at least partly dependent on a functional Na+:K+ transport system in the 
mucosa, as Mg transfer was inhibited in the presence of ouabain, a potent inhibitor of 
N a+:K+ -ATPase. Net absorption occurred in the absence of a concentration gradient and declined 
with decreasing temperature and the time of incubation. 
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The capacity of the active Mg transport system in the rumen seems small if the overall efficiency 
,. -, 'of absorption-from the whole digestive tract is to remain solow ,(0.14-O.44)(Field & Munro, 
1977). 
2.6.4.2 Large intestine 
, In the region distal tothe-duodenum-the mechanism of Mg absorption is still relatively unknown . 
. Ben-Ghedalia et al;(l975)observed concentrations of soluble Mg in faeces approximately four 
times higher than that' in digesta passing through the upper small intestine, however the actual 
amount of Mg present was low. During the fonnation of faecal pellets there is intense absorption 
of water along the large intestine (Ben-Ghedalia et al., 1975). The associated concentration of 
solutes would facilitate absorption of Mg by passive transfer. Field & Munro (1977) obsel'V,ed a 
-constant but -low efficiency of Mg absorption from the region distal to the duodenum and 
speculated that a passive diffusion or an active but unsaturated transport mechanism was 
involved. 
Dalley & Sykes (1989) observed linear increases in both plasma Mg concentration and urinary 
Mg excretion with increasing Mg infusion into the tenninal ileum indicating fIrstly, the potential 
for net Mg absorption from this site and secondly, suggesting that a passive transfer system was 
involved. Infusion of 230 ml water into the tenninal ileum appeared to enhance Mg absorption 
from the large intestine. However a ten fold increase in water infusion to 2300 ml considerably 
reduced the proportion of infused Mg that was absorbed. If indeed Mg absorption from the large 
intestine does rely on passive transfer, such a phenomenon may explain the higher rate of 
absorption at low,ratesof water addition in this experiment. At the high rate of water infusion, 
increases in solvent flow may have been offset by Mg dilution. 
In summary, the current literature suggests that Mg absorption in the large intestine relies largely 
on a passive transport mechanism and that no carrier or energy dependent mechanism is involved. 
2.6.5 Summary 
The reticulo-rumen appears to be the primary site of net Mg absorption in ruminants with uptake 
relying on a functional Na+:K+-ATPase system. The large intestine is a secondary site of 
absorption,apparently relying on passive uptake either by solvent flow during water uptake across 
the epithelium or passive diffusion down a concentration gradient. 
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2.7 Factors affecting magnesium absorption 
2.7.1 Introduction 
Magnesium is actively transferred across the rumen epithelium in the ionic fOlm (Field, 1983; 
Grace, Caple & Care, 1988) and the amount transported is largely dependent on the Mg 
concentration in the· digestive tract Any factor influencing Mg solubility, or the transport 
mechanisms involved, can potentiaIly upset Mg homeostasis and consequently change the Mg 
status of the animal. The protein:energy ratio in the feed and the concentration of certain minerals 
have been implicated. These factors are discussed below. 
2.7.2 Factors affecting magnesium solubility 
The concentration of soluble Mg in digesta is dependent on a number of factors. The amount of 
Mgreleased from the diet into the liquid phase of digesta is governed largely by the Mg content 
of the diet but will also be influenced by the plant species involved and stage of maturity (playne, 
Echevarria & Megarrity, 1978). In the supernatant fraction solubility is influenced by pH (Smith 
& Hom, 1976; Terashima, Shinozaki, Tohrai & Itoh, 1976), dietary lipids and frequency of 
feeding. These factors have been extensively reviewed by Field (1983) who reported that 
although dietary lipids have been advocated in decreasing Mg solubility, conditions in the rumen 
are not conducive to the formation of fatty acid soaps containing Mg. The frequency of feeding 
does not appear to affect apparent absorption ofMg from the digestive tract but is does alter the 
relative importance of the rumen and intestines in net absorption, such that with once a day 
feeding the efficiency of absorption of Mg from the large intestine increases (Field, 1983). 
The effects of pH on Mg solubility are well documented and will be dealt with in more detail. 
2.7.2.1 pH 
The consumption of large quantities of easily fermentable carbohydrate can lead to rumen 
acidosis and changes in rumen osmolarity. Smith & Hom (1976) demonstrated, in vitro, reduced 
ultraftlterability of Mg in rumen contents at higher pH values. The critical pH was in the range of 
6.5 to 7.0. Grace et al. (1977) observed an increase in Mg binding to the alkali insoluble fraction 
of rumen digesta when the pH was increased. Hom & Smith (1978) found that in steers fed 
pasture and concentrates the rumen pH tended to be highest in animals on pasture and lowest in 
those on concentrate feeding so that increasing pH had a significant negative effect on the amount 
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of Mg absorbed between the mouth and the duodenum. These authors noted that the effect could 
.. be due to several factors but . adding hydrochloric acid to . the . rumen . significantly· increased 
apparent Mg absorption. 
Johnson & Aubrey Jones (1989) demonstrated, using sheep fed a range of diets, a very close 
relationship between the pH of rumen fluid and Mg concentration in ultracentrifuged rumen fluid. 
Above pH 6;5 there was a-rapid fall in soluble Mg concentration. Dna grass diet the pH was only 
less than 6.5 six· hours after feeding suggesting that in grazing animals rumen pH may be an 
important factor regulating Mg absorption. 
Gabel, Martens, Suendennann & Galfi (1987) using the temporarily isolated and washed rumen 
technique dell)onstrated decreased p.d. and ion movement when the pH of the bathing soluti,on 
was decreased fmm6. 78 to 4.79. The reduced absorption at low pH suggests either decreased 
active transport from the lumen or increased passive flow into the lumen. Acidification of the 
rumen fluid could potentially result in intracellular acidification and inhibition of Na-K ATPase 
- activity (Eaton, Hamilton & Johnson, 1984) and since Mg transfer depends on ATPase (Martens 
et al., 1978) the depression in apparent Mg absorption observed by Gabel et al. (1987) may be the 
result of decreased ATPase activity. A pH of 4.79 in rumen fluid is likely to be outside the 
physiological range of a healthy animal therefore care is required in interpreting the results of 
Gabel et al. (1987). 
Although Mg solubility is an important detenninant of net Mg absorption other factors associated 
with the diet are also involved in net Mg uptake from the digestive tract 
2.7.3 Factors affecting magnesium absorption 
In this section the effects of potassium, sodium, potential difference (p.d.), nitrogen, and other 
minerals on Mg absorption from the digestive tract will be discussed. 
2.7.3.1 Potassium 
High dietary K has generally been found to decrease plasma Mg in ruminants (Fontenot, 1978; 
Greene, Fontenot & Webb, 1983c; Reffett& Boling, 1985; Suttle & Field, 1967), though Newton 
et al. (1972) observed inconsistent results. HighK intakes have been shown to depress apparent 
Mg absorption (Field, 1983; Fontenot, Wise & Webb, 1973; Grace, 1988; Greeneet al., 1983a,c; 
Greene, Schelling & Byers, 1986; Suttle & Field, 1969; Wylie, Fontenot & Greene, 1985). 
..... U sing an intravenous injection of Mg2S· Newton et al. (1972) demonstrated that high dietary K 
levels reduce Mg absorption rather than increase Mg secretion into the digestive tract. These 
results were supported by Fontenot et aI. (1973), Greene et al. (1983b,c) and Powley, Care & 
Johnson (1977) all of whom observed decreases in Mg absorption with increased faecal Mg 
excretion but no change in endogenous Mg secretion. 
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Associated with these increases in faecal Mg excretion are decreases in urinary Mg. Ammerman 
et al. (1972) reported it high correlation (0.94) between apparent Mg absorption and urinary Mg 
excretion such that a decrease in urinary Mg excretion indicates reduced Mg absorption from the 
digestive tract. Many other workers have reported similar depressions in urinary Mg excretion 
with increasing K intake (Field, 1961; Newton et al., 1972; Suttle & Field, 1967). 
The main effect of high dietary K concentration in both sheep and cattle is on preintestinal Mg 
absorption (Greene et al., 1983b,c; Tomas & Potter, 1976a; Wylie et al., 1985). Intra-ruminal K 
infusion in sheep resulted in a large decrease in apparent Mg absorption while abomasal and ileal 
infusions had no effect (Wylie et al., 1985). Grace et al. (1988) infused potassium chloride (KQ) 
into the rumen of sheep offered frozen grass and grass/maize pellets increasing K and decreasilg 
N a concentrations in the 100 000 g supernatant fractions of rumen contents. There were no 
changes to apparent Mg availability, as indicated by the amount of total Mg present in the 
100 ooog supernatant fraction. However, net absorption of Mg was decreased. It was concluded 
that the major effect of increased K intake on Mg absorption was due to a decrease in the 
movement of Mg across the reticulo-rumen epithelium and not to a decrease in the rate of release 
ofMg from the diet, altered distribution of Mg in the rumen contents or decreased Mg 
concentration in rumen fluid. 
Martens & Rayssiguier (1980) explained the inhibition of Mg absorption by high K 
concentrations in terms of a competitive inhibition ofNa by K at the receptor sites. Potassium is 
the main detenninant of Na concentration in the rumenbecauseNa absorption from the rumen is 
stimulated at high K concentrations (Rook & Balch, 1958). MacGregor & Annstrong (1979) 
found that net absorption of Mg prior to the small intestine declined from 0.44 to 0.20 g/d when 
the quantity ofK fed to sheep was increased from 6.23 to 38.7 g/d. The increase in K intake was 
associated with a decrease in the Na:K ratio of rumen fluid from 1.15 to 0.18. Hom & Smith 
(1978) also observed a strong correlation between Na:K ratio in the rumen contents and the 
efficiency of Mg absorption between the mouth and the duodenum, a decrease in the Na:K ratio 
being associated with a decline in net Mg absorption. 
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, , Dietary K also influences the transmural p.d;·between rumen contents (negative) and blood 
(positive). High K intake increases the potential across the rumen wall thereby opposing cation 
movement from the mucosal to serosal surfaces (Sellers & Dobson, 1960). The results of Care, 
Brown, Farrar & Pickard (1984) from work with rumen pouches support those of Scott (1966), in 
concluding that increased influx of Mg from blood to rumen contents was mainly responsible for 
. reduced net Mg effiux-at high Kintakes .. However Beardsworthi Beardsworth & Care (1987) and 
.. Martens,' Gabel & Strozyk (1987a) both demonstrated thatdirectinhibition of the active transport 
process from mucosal to serosal surfaces of the epithelium does occur at high K intakes. 
The effect of high K intake on Mg absorption is not easily explained due to the effect of K on p.d. 
across the rumen wall and the Na:K ratio within the rumen fluid. Martens & Blume (1986) ,were 
unable to rule out an effect of K perse from changes in the p.d. 
2.7.3.2 Sodium 
Spring pasture is often deficient in Na (Kemp & Geurink, 1978; Wilson, Reid, Molloy, Metson & 
Butler,1969). This has lead to the suggestion by Butler (1963) and Care, Vowels, Mann & Ross 
(1967) that low dietary Na may contribute to the development ofhypomagnesaemia. This has 
not, however, been supported in other experiments (Rook & Balch, 1962). 
As discussed in section 2.7.3.1 it is difficult to separate the effects of Na, K and p.d. when 
discussing Mg absorption. However, Martens & Blume (1986), using the washed rumen 
. technique, demonstrated· that the Na concentration of the buffer solution did not influence Mg 
absorption. Martens, Kubel, Gabel & Honig (1987b) reported that a low Na intake causes the 
same alterations in the forestomach as a high K intake at adequate Mg intakes. These authors 
observed increased salivary K and decreased salivary Na concentration when feeding sheep a low 
Na diet. Associated with the changes in salivary Na and K were decreases in the Na:K ratio in 
rumen fluid, increased p.d. across the rumen epithelium and a decline in urinary Mg excretion. 
The altered K and Na concentrations, increased p.d. and subsequent decline in net absorption of 
Mg were in agreement with the findings of Care etal. (1984) in studies using a rumen pouch in 
sheep. 
2.7.3.3 Potential difference 
A transmural p.d. exists across the rumen mucosa and is responsible for the absorption of Mg2+ 
and chloride (Cl") ions against the concentration gradient (Dobson & Phillipson, 1958; Scott. 
1966; Sellers & Dobson, 1960). Potentials of approximately 30 mV (blood positive) have been 
measured (Dobson & Phillipson, 1958). A high K intake increases this p.d. thus decreasing the 
movementofionsfrom the mucosal to the serosal side ofthe"nunenepithelium; The rumen 
.. - potential is negatively correlated withNa concentration and positively correlated with K 
concentration (Sellers & Dobson, 1960; Scott, 1967). 
It is difficult to explain the decrease in Mg absorption after high K intake in vivo because three 
variables within the reticulo-rumen change after oral K load: K concentration, transmural p.d . 
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. and Na concentration (Scott. 1967). In vitro work. by Martens etal. (1987a) using the Ussing 
technique allowed studies to be made into the separate effects of these individual factors. 
Reduced net absorption in this study when p.d. alone was increased was the result of changed 
fluxes in both directions,thatis the Mg flux mucosal to serosal (]m.) was reduced while Mg flux 
serosal to mucosal (11111) was increased (Table 2.2). 
Table 2.2 
Group 
K+-
K+-
Control'l 
Control'l 
Mt+ fluxes across isolated rumen epithelium (nmol.cm-2.h-1; mean ± s.e.m.). 
Data from Martens, Gabel & Strozyk (1987a) 
p.d. ]nu ]1111 
25.U1.3 52.2±6S 11.6± 1.4· 
0 76.1 ±8.6b 8.0±1.4b 
26.U1.6 47.4±3.QA 12.2±2.3· 
0 72.1 ±8.8b 6.5± 1.7b 
a,b = different subscripts denote significant differences 
• 70 mmol/l on the mucosal side 
# K concentration = 5 mmol/l on the mucosal side 
flu~ = flux from mucosal to serosal surface of the epithelium 
fluXam = flux from serosal to mucosal surface of the epithelium 
Net Mg flux 
40.6±5.9· 
68.1 ±7.7b 
35.2±4.1· 
68.8 ±9.0" 
[-::-. .. 
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.. The·actualcauseofthe elevated·p.d., whether it be highK concentration or an external current 
seems unimportant for the effects on Mg fluxes. The size of the potential itself is the inhibiting 
factor (Figure 2.3). The increased JI'ID observed at high p.d. confinns in vivo results of Care et al. 
(1984) where an increased net flux of Mg into the lumen of the rumen pouch of sheep was 
observed at high luminal K concentration and consequently high p.d. The influence of p.d. on 
. passive Mg flux, howeverl only accounted for 36 %of the reduction in net Mg transport ' 
indicating that the active transcellulartransport ofMg must also be'reduced. It has been 
suggested that the transcellular transport of Mg is disturbed by depolarisation of the apical 
membrane which may decrease the driving force of Mg uptake (Martens et al., 1987a). 
In summary therefore, in vivo, it appears that decreased net Mg absorption from the rumen \IIlder 
conditions of high rumen K concentrations is the result of decreased flux of MgJrom the rumen 
to the blood side of the epithelium. This is, however,also combined with a increased passive flux 
ofMg from the serosa to the lumen (Beardsworth etal., 1987; Care etal., 1984; Martens etal., 
1987a). Beardsworth et al. (1987) observed an increase inp.d. between rumen fluid and blood 
from 33.5 mV to 50 mV when the K concentration of rumen digesta was increased from 30 mM 
to 90 mM. The increase in p.d. was associated with a decline in unidirectional transfer of Mg 
from the rumen to blood from 30.3 to 17.5 %. Potassium concentration in the rumen appears to 
be the major factor affecting the p.d. However, other as yet unspecified factors may also be 
involved. 
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2.7.3.4 Nitrogen 
The finding that plasma Mg concentration and Mg absorption is reduced in ruminants grazing or 
fed herbage from pasture heavily fertilised with nitrogen (N), has lead to the speculation that 
rumen ammonia (NH/) concentration affects Mg absorption (Field, 1983; Kemp, 1983). Data in 
-the literature on-the effects of NH4 + on Mgabsorption are contradictory .. Fontenot et al. (1973) 
was unable to demonstrate an effect of NIl.. + on Mg absorption. The lack of response to infusion 
of ammonium salts or the addition of high levels of urea or protein led to the suggestion by 
Fontenot et al. (1973) that the effects of N fertilizers are not mediated by high NIl.. + levels, that 
the experimental treatments did not produce sufficiently high NH/ levels or that other 
constituents of spring herbage potentiate the NH/ effect, for example K concentration. 
In contrast to Fontenot et al. (1973) more recent research of Care et al. (1984), Gabel & Martens 
(1986) and Martens, Heggeman & Reiger (1988) has demonstrated that high ruminal ammonia 
concentrations can depress Mg absorption from the rumen. Gabel & Martens (1986) observed 
that a sudden increase in rumen NH/ concentration transiently reduced Mg absorption from the 
rumen for 2 to 3 days, after which no affect was observed. It was suggested by these authors that 
the rumen epithelium can adapt to high rumen NH/ concentrations and that Mg absorption is 
re-established. The exact mechanism by which ~ + affects Mg absorption still remains unclear 
but it is possible that precipitation of Mg as MgNH4P04 in the rumen decreases Mg availability 
thus impairing Mg uptake (Smith & McAllan, 1966). 
2.7.3.5 Other minerals 
Calcium, (Chicco, Ammerman, Feaster & Dunavant, 1973), phosphorus (P) (pless, Fontenot & 
Webb, 1983) and aluminium (Al) (Allen & Robinson, 1980) have all been shown to effect Mg 
absorption in ruminants. Chicco et al., (1973) and Pless et al. (1973) observed depressed Mg 
absorption and serum Mg concentrations in sheep offered a diet high in P. A similar situation has 
been observed in calves (Wise, Ordoveza, Barrick, 1963). It is possible that high dietary P 
intakes result in precipitation of MgNH4P04 in the rumen (Fitt et al., 1974). 
High aluminium concentrations have been associated with outbreaks of hypomagnesaemia in the 
United States. Aluminium has been suggested to be involved in a number of pathways, including 
secretion of parathyroid hormone and Mg dependent A TP activity, all of which have been 
reviewed by Fontenot et al. (1989); Fontenot et al. (1989) reported that the effects of Al on 
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serum Mg can not be explained on the basis of reduced apparent Mg absorption or increased Mg 
excretion; The· exact mechanism by which Alinfluences MgmetaboHsm is unclear. 
2.7.3.6 Other factors 
There have been a number of reports in the literature suggesting effects of ionophores, higher 
. fatty acids; readily available carbohydrates and dietary change on Mgmetabolism;'Ibese are 
. ··considered below. 
Ionophore supplementation in sheep and cattle (Greene et al., 1986; Kirk, Greene, Schelling & 
Byers, 1985; Starnes, Spears, Froetschel, & Croom Jr, 1984) increased apparent Mg absorption 
and retention presumably through their ability to drive the Na+-K+ pump, shown to be involved in 
" Mgabsorption (Martens et al., 1978). 
Rapidly grown spring pastures can be low in soluble carbohydrates (Bryant & Ulyatt, 1965). 
Supplementation of animals with readily available carbohydrates, for example peanut oU, com 
starch pellets or lactose, in spring, has met with mixed results in tenns of their effects on Mg 
absorption. While Wilson et al. (1969) with cattle and Giduck & Fontenot (1984) and 
Rayssiguier & Poncet (1980) with sheep lessened the depression in plasma Mg concentration and 
increased apparent Mg absorption by supplementing readily available carbohydrates Thompson, 
Gelman & Jessiman (1984) could find no significant effect of peanut oil or starch 
supplementation on apparent Mg absorption in lambs. 
Hypomagnesaemia is often associated with dietary change (Butler, -1963). Field (1961) obselVed 
decreased urinary Mg excretion following a dietary change from hay and grass nuts to spring 
herbage even when dietary Mg intake remained constant. Dietary change back to hay and grass 
nuts increased urinary Mg excretion even when it involved a decrease in Mg intake. It was 
proposed that the decrease in apparent Mg absorption following dietary change may be the result 
of a temporary but severe decrease in Mg absorption with the reverse change involving a 
temporary enhancement of Mg absorption (Field, 1961). Why this occurs is unclear. It is 
possible that some other factor, or factors, other than Mg concentration present in spring herbage, 
for example ammonia (Gabel et al., 1986), are involved in the depression of plasma Mg and 
apparent Mg absorption when animals begin grazing pasture in the spring (Care et al., 1967; 
Johnson, Heliwell & Aubrey-Jones 1988). 
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2.7.4 Summary 
This section has summarised the factors known to affect net Mg absorption from the rumen. The 
K concentration in rumen digesta and the potential difference across the rumen epithelium appear 
to be the most influential factors. Lack of research into the mechanisms of Mg absorption from 
the large intestine has meant that very little infonnation exists on the factors affecting net Mg 
uptake from this site. 
2.8 Anatomy and physiology of the large intestine 
2.8.1 Introduction 
Although the reticulo-rumen has been established as the major site of Mg absorption in ruminants 
absorption from the large intestine has been documented in both sheep (Ben-Ghedalia et al., 
1975; Dalley & Sykes, 1989; Field & Munro, 1977; Tomas & Potter; 1976b) and cattle (Meyer & 
Busse, 1975; Reynolds et al., 1984). Absorption appears to rely on a passive transport 
mechanism (Dalley & Sykes, 1989; Field & Munro, 1977) therefore the concentration and 
solubility of Mg in digesta passing through this region of the tract will be important detenninants 
of net Mg absorption. 
2.8.2 Conditions within the large intestine 
The composition of caecal digesta is variable because of intennittent filling and emptying of the 
organ but there is still a relatively constant environment for the maintenance of a microbial 
population. The temperature is constant, pH generally close to neutrality, but is dependent on diet 
ranging from 6.6-7.8 for hay and 5.7-7.2 for grain diets, and dry matter (DM) content relatively 
constant (10.1-16.2 %) across a range of feed types (Williams, 1965). 
Caecal digesta has high cellulolytic activity, being greater than or equalto that in the rumen 
(Hecker, 1971). It appears that under nonnal conditions energy availability limits the magnitude 
of the bacterial population in the caecum because an infusion of sucrose into the abomasum 
substantially increases bacterial numbers (Ulyatt, Dellow, Reid & Bauchop, 1975). 
27 
2.8.3 Digesta Flow through the large intestine 
Using cannulae placed at the tennina! ileum digesta flow into the caecum has been quantified. A 
single peristaltic contraction can result in a flow of up to 70 ml (Coombe, 1966), while a series of 
pulses can result in flows of 80-90 gin 10 minutes (Ash & Kay, 1963). 1bese flows are followed 
by lengthy periods of quiescience often 30-60 minutes (Ash & Kay, 1963) and up to 5 hours in 
. duration (Hogan & Phillipson, 1960). The flow of digesta in the tenninal ileum varies with the 
. diet, level of food intake and the extent of digestion in the rumen and small intestine (Ash & Kay, 
1963). 
Caecal motility can be upset. Grain diets decrease caecal activity in sheep (Ruckebusch, 1970) 
and cattle (Svendsen & Kristensen, 1970) possibly because of increased or abnonnal caecal 
.. ·fennentation. The infusion of high levels of volatile fatty acids (VFA's), especially butyric, into 
the caecum of sheep have been shown to inhibit motility (Svendsen, 1972) and may be the 
causative factor of caecal dilation, a common complaint in grain feed animals. 
Motility in the spiral and distal colons is not well documented. Ruckebusch (1970) concluded 
that segmentary contractions are the predominant fonn of activity in the spiral colon and that little 
mixing of digesta occurs once it has reached the spiral colon and pelleting has been initiated in 
sheep. The lack of pellet fonnation in cattle may allow for digesta mixing further down the large 
intestine. 
2.8.4 Caecal digestion and absorption 
The large intestine, and in particular the caecum, is a potential site of carbohydrate fennentation 
and mineral absorption. This section deals with digestion and absorption within the large 
intestine. 
2.8.4.1 Carbohydrates 
The site of carbohydrate digestion appears to be influenced by diet, such that on barley based 
diets only small amounts of starch reach the caecum (MacRae & Annstrong, 1969; Orskov, 
Fraser & McDonald, 1971). However-,-with diets·containing uncooked maize considerable 
amounts of starch escapes rumen digestion and although most of this is digested in the small 
intestine up to 6 % is digested in the large intestine of sheep (Orskov et al., 1971) and up to 15 % 
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in cattle (Karr, Little & Mitchell, 1966). Large amounts of cell wall carbohydrates, cellulose and 
hemicellulose escape rumen digestion and· thus become available for fennentationby caecal 
bacteria. 
The caecum plays an important digestive role as the apparent digestability of the feed decreases 
such that there is an increase in the proportion of cell wall carbohydrate digested in the large 
.. intestine (Karr etal,j 1966; Weston & Hogan, 1971).~ The primary sites offennentation in the 
-large intestine are the caecum· and proximal colonmnce the caecum and proximal colon combined 
contain approximately 65 % of all the digesta in the large intestine (Dixon & Nolan, 1982). 
Digestion of material in the caecum results in a marked rise in caecal VF A concentration 
followed by a steady decrease in these VFA's as digesta moves through the spiral colon, distal 
colon and rectum. The mechanism for absorption ofVFAacross the caecal mucosa appears to be 
primarily simple diffusion(Meyers,lackson & Packett, ·1967). Compared with the rumen 
epithelium the caecal epithelium oxidises less total VFA, has a greater preference for acetate, a 
lower oxygen uptake and a lower preference for butyrate (packett, Meyers & Jackson, 1966). 
Faichney (1969), Packett et al. (1966) and Williams (1965) all reported lower molar proportions 
of butyrate and higher proportions of acetate in caecal digesta but attributed this to different 
substrates arriving in the caecum compared with the rumen. Caecal VFA's contain relatively 
high concentrations of branch chain acids compared with the rumen indicating a greater 
conversion of protein to VFA's (Orskov, Fraser, Mason & Mann, 1970). 
. It appears that the caecum makes a significant contribution to fennentative digestion in ruminants, 
particularly when they are fed diets of low nutritive value. 
2.8.4.2 Water and minerals 
The large intestine is an important site for water recycling and mineral metabolism in ruminants. 
Although the small intestine is the major site of water absorption the large intestine also absorbs 
water very efficiently such that 90% of water entering the caecum is absorbed (Goodall & Kay, 
1965; Ulyatt, Dellow, Egan & Walker, 1973). Water is absorbed from the entire length of the 
large intestine (Hyden, 1961) with the centripetal coils of the spiral colon being the most efficient 
site. The ability of the large intestine to absorb water is important in.VFA and mineral absorption 
via passive transfer mechanisms. 
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The production of VFA as a result of carbohydrate fennentation and large scale absorption of 
~~ .. water- in the·caecum and colon potentially create conditions conducive to net Mg absorption from 
the large intestine. 
2.9 Conclusions 
. Magnesium is an important mineral in ruminant metabolism.· The absence of a tightly regulated 
control mechanism for the maintenance of Mg homeostasis and the absence of a labile pool 
within the body of mature ruminants means that dietary Mg is very important in maintaining Mg 
levels in the body. The low efficiency of absorption observed (0.14 - 0.44) and the high demand 
for Mg by lactating animals often results in hypomagnesaemia. 
The reticulo-rumen appears to be the major site of net Mg uptake. However net Mg absorption 
does occur from the large intestine. It appears that the low efficiency of absorption observed 
from the rumen is due to saturation ofamctivetransport mechanism. The limited evidence 
available on Mg absorption from the large intestine suggests that a passive transfer mechanism is 
involved at this site. However, further study is required to detennine the exact mechanisms 
operating. Magnesium absorption from the large intestine may be of importance in situations 
where net absorption from the rumen is impaired. Whether the large intestine is capable of 
compensatory absorption requires further investigation. 
Active absorption of Mg from the rumen is influenced by several dietary factors, the most 
. important~of which seems to be K. ·The potential~differenceacrossthe epithelium of the digestive 
tract is increased at high K intakes and results in decreased net Mg absorption. It appears that 
high K intakes decrease net Mg flux from the mucosal to the serosal surface of the epithelium as 
opposed to increasing endogenous Mg loss. 
Little data exists on the interaction between K and Mg in the digestive tract. Such data is 
important for the development of a model of Mg metabolism and for developing management 
strategies of Mg supplementation. 
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.CHAPTER3 
General materials and methods 
3.1 Rumen cannulation 
Earlier rumen fistulation using pliable rubber cannulae (Jarrett type) resulted in substantial 
leakage of digesta from around the barrel of the cannula. As the animals used here were to be 
used in trials involving balance studies any leakage of digesta into urine or faeces collection 
containers was a potential source of error. For this reason animals were fitted with a rigid p1astic 
cannulae (plate 1 b) into the rumen. Insertion of these cannulae required modification of the 
techniques described by Hecker (1974). 
Female sheep were starved for 24 h prior to surgery. The wool on the neck and a large midside 
patch (30 cm~ on the left side of the sheep was removed using a normal shearing handpiece. Ten 
minutes before the sheep were anaesthetised a subcutaneous injection of 0.6 mg atropine sulphate 
(Atropine, Apex Laboratories Pty Ltd (Techvet Laboratories Ltd, N.Z.» was given to reduce 
salivation and prevent ventricular fibrillation during surgery. The animal was then anaesthetised 
with 12-15 ml of pentobaribitone sodium 60 mg/ml (Nembutal, Sanofi, Techvet Laboratories Ltd, 
N .Z.) administered to effect by slow intravenous injection. 
Animals were placed, right side down, on the surgery table and positioned so the head hung 
slightly to allow saliva to drain from the mouth. Oippers were used to remove the 2-3 mm of 
wool from the side patch left by the handpiece. The exposed skin was disinfected with a dilute 
solution of cetrimide and chlorhexidin (Savlon, Coopers Animal Health Ltd. N.Z.) followed by 
painting with an alcoholic solution of iodine (Tinc. iod.mitis). A sterile surgical drape was placed 
over the disinfected area. 
A midflank laparotomy was performed by making a 6 cm lateral incision through the skin and 
subcutaneous fascia in the mid-flank region halfway between the costal arch and the anterior 
pelvic bone. Entry through the external oblique, internal oblique and the transverse abdominal 
muscles and the peritoneum was made by blunt dissection and enlarged, as necessary. by 
judicious tearing. This technique was adopted to lessen the chances of post operative herniation. 
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Any severed blood vessels which bled persistently were clamped and Allis forceps were secured 
to the muscle layers on either side of the incision. 
The rumen was located and a section exteriorised. A circular purse string suture (polyglactin 
suture, 3.0 metric with attached needle, Vicryl J-345, Ethicon inc, USA) was placed in the rumen 
wall, passing into the lumen so that it penetrated the tough submucosal layer. Because of the rigid 
. nature oCthe cannula being inserted a 1 cm2 circle was removedJrom the area within the purse 
. string suture.· Care was taken~to avoid contaminating surrounding tissue with digesta. A 4 cm 
lateral incision was made into the rumen wall and the cannula with a specially designed cone top 
and attached nylon cord (plate 2a) was placed into the rumen and the cord pulled out through the 
hole inside the purse string suture. At this stage the lateral incision into the rumen was sutured by 
the Cushing Connell suture method. The cannula was then gently prised through the hole ~d the 
suture tightened and tied. An inspection was made to ensure that the incision was completely 
closed. A flexible plastic peritoneal flange (plate la)wasfitted to the cannula. 
To exteriorise the barrel of the cannula a separate incision was made dorsal and anterior to the 
laparotomy incision and a 1 cm2 circle of skin removed. The points of closed tissue scissors were 
passed through the muscles and into the peritoneal cavity. The points when forced open enlarged 
the hole to a sufficient size to work the cone top and barrel of the cannula through (plate 2b). The 
external flange (plate 1 a) was then screwed on to hold the rumen firmly against the abdominal 
wall to enable the rapid development of adhesions. Care was taken to ensure that the flange was 
not tightened too much so that pressure necrosis of the tissue underneath did not occur . 
.. A check was made to ensure there was no internal bleeding and that all the swabs and instruments 
had been removed. Oxytetracycline powder (Terramycin, PfIZer Laboratories Ltd, N.Z.) was 
applied to the lateral rumen incision site. To close the laparotomy a continuous suture technique 
was adopted. One layer of suture was used to close the peritoneum and the muscle layers. TIle 
sutures were checked to ensure there were no areas that could potentially form hernias. 
Terramycin powder was applied to this wound before the skin was closed using horizontal 
mattress sutures ofpolyglactin suture (3.5 metric with cutting needle, Vicryl J-616, Ethicon inc, 
USA). An 8 mI subcutaneous injection of antibiotic (penstrep LA, 150 mg procaine penicillin 
and 141.5 mg benethamine penicillin/mI, Penstrep LA, Pitman Moore Ltd, N.Z.) was given 
before the animal was returned to a recovery pen. 
Plate la 
Plate lb 
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An illustration of the components of the rigid plastic cannula inserted into the 
rumen of sheep in Chapter 4. From left to right - cannula cap, rigid external 
flange, flexible internal flange positioned between the outer rumen wall and the 
peritoneum, and the barrel of the cannula. 
An illustration of the rigid plastic cannula assembled as it was in the rumen of 
sheep in Chapter 4. 
em 'L_....L..-_.L..---' 
Plate 2a 
Plate 2b 
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An illustration of the specially designed cone top and attached nylon cord used 
during surgery for prizing the rumen cannula through the wall of the rumen and 
the muscle and skin layers. 
An illustration of the cone top positioned on the barrel of the cannula as it was 
during surgery. 
Plate 3 
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An illustration of the cannula inserted into the duodenum in Chapter 4, and the 
tenninal ileum and proximal colon in Chapters 5 and 7. The red bung was 
inserted into the cannula to prevent digesta blocking the barrel of the cannula. 
3.2 Duodenal, terminal ileal and proximal colonic cannulation 
Pre-operative procedures were the same as those described above for rumen cannulation except 
that a right midside patch of wool was removed. 
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Sheep were placed on their left side on the surgery table and a right mid flank laparotomy 
perfonned (section 3.1). The section of the digestive tract to be cannulated was located and the 
digesta within the tract forced either anterior or posterior from the selected site. Two bowel 
clamps were positioned in such a way that the cannulation area remained free of digesta. An 
elliptical purse string suture (20 mm ... 4 mm) was placed in the mucosa of the intestine and a 
scapel incision was made inside this area. Tissue scissors were used with care to lengthen the 
incision so as not to cut the suture. The internal flange of the cannula (plate 3) was inserted into 
the viserallumen while Allis forceps were used to hold up the wall. The suture was tightened and 
tied. If the intestine tore during the positioning of the cannula, fi1!f:he!'suturing was undertaken to 
avoid any post operative leakage of digesta into the abdominal cavity. 
For duodenal and tennina! ileal cannulations the barrel was exteriorised by making a separate stab 
wound between the last two ribs. The proximal colonic cannula was exteriorised at a position 
posterior to the laparotomy incision in the sublumbar fossa. Tissue scissors were used to 
penetrate the muscles and to make a hole into the peritoneal cavity. The barrel of the cannula was 
plugged with a swab and a pair of forceps passed through the incision and the barrel grasped. The 
cannula was guided from below and the hole enlarged as necessary until the barrel passed through 
the muscles. A check was made before the barrel was pulled up against the abdominal wall to 
ensure that a loop of intestine had not been caught between the cannula flange and the wall. The 
external flange was positioned and oxytetracycline powder (Terramycin, Pfizer Laboratories Ltd, 
N.Z.) applied to the wound. 
The closing of the laparotomy incision was as described in section 3.1. A subcutaneous injection 
of 8 ml antibiotic (penstrep LA, 150 mg procaine penicillin and 141.5 mg benethamine penicillin 
Iml, Pitman Moore Ltd, N.Z.) was given before returning the animal to its pen. 
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3.3 Post operative care 
Animals were placed in a sitting position leaning against the wall of the pen. They were checked 
regularly as they recovered from the anaesthetic to ensure they did not fall onto the newly inserted 
cannula. If any oedema occurred during the following 72 h as a result of the operation the 
external flange was loosened to reduce the pressure on the tissues. It was subsequently tightened 
as the oedema subsided. The animals were offered fresh water and chopped lucerne hay. 
After 2 d housed in re~overy pens, diazinon powder (Fly Strike Powder, FIL Industries Ltd, N.Z.) 
was applied to the area around the cannula and also on the laparotomy wound to prevent fly 
strike. The animals were then returned to the paddock. They were checked twice daily and 
brought into the yards every 4 d over the next 12 d and given a 5 ml subcutaneous injection of 
antibiotic (penstrep LA, 150 mg procaine penicillin and 141.5 mg benethamine penicillin Iml, 
Pitman Moore Ltd, N.Z.). Once a week diazinon powder was applied. A period of at least 
4 weeks was allowed before animals were taken inside for introduction to the concentrate diet 
3.4 Adjustment to the concentrate diet 
A concentrate diet was used in all experiments as it is difficult to ensure uniformity of the mineral 
content, DM, and quality of hay and herbage diets. With concentrate feeding the diet is 
thoroughly mixed during processing resulting in a more uniform product Using concentrate feed 
should result in less variation in mineral intake throughout the experimental period. It is also 
possible to manipulate the mineral content of concentrates by changing the basal ingredients. It 
was initially proposed to work with a low Mg diet however this was not achieved in the fmal 
product used in the experiments described. Concentrates were also chosen to allow comparisons 
to be made between the results presented in this thesis and published work from overseas, much 
of which involves animals offered concentrate diets. 
Following removal from pasture animals were restrained in individual pens, and offered water, 
but no feed, for the first 24 h of housing. In order to allow the rumen micro-organisms to adapt to 
the new diet and to prevent rumen acidosis the animals were slowly introduced to the concentrate 
diet. On days 2 and 3 they were offered 500 g lucerne chaff and 100 g of the concentrate. If the 
animal consumed all the feed offered during these 2 days the amount of concentrate was increased 
to 200 g on days 4 and 5. Any animals not consuming the concentrates were offered less hay 
until their hunger drive persuaded them to consume the concentrate. The process proceeded in 
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such a way that over a 2 week period the proportion of lucerne chaff in the diet was gradually 
decreased and that of the concentrate increased until the required maintenance intake of 
concentrate (800-900 g/d) was achieved. If at any stage during this adjustment period any animal 
developed diarritoea they were given an initial 60 ml oral dose of a kaolin antibiotic mixture 
(Scourban Plus, Bomac Laboratories Ltd, N.Z.), followed by 30 ml every 12 h for 2 d. If 
necessary the proportion of chaff in the ration offered was increased by 200 g/d during this 
period. 
In all experiments I was unable to maintain intakes in the animals, using the concentrate diet 
alone, sufficient to meet their maintenance requirements. Therefore 100 g of chaffed lucerne hay 
was offered with the concentrate to all animals in all trials. 
The length of trial 1 (Chapter 4) made it necessary to purchase a second batch of feed for the 
subsequent 2 trials (Chapters 5 & 7). All feed was a Pro Pel standard sheep ration with the 
Technet mineral and vitamin mix replaced by a similar mineral mix containing no added Mg. 
The mineral mix contained (gI1000 kg)~ 0.404 g CoOz; 0.39 g KJ; 0.049 g NaSe03; 
27.7 g MnS04• HzO and 41.07 g FezS04. 7HzO .. While the vitamin mix was replaced with 
(g/I000 kg): 17.25 g of Vitamin A 325,4.5 g of Vitamin D and 56 g of Vitamin ESO (Roche 
Products Ltd, Auckland, N.Z.). 
As a result of using a commercial concentrate diet I am unable to give details on the ingredients 
of the ration or their relative proportions. The management of the company considered such 
information to be "commercially sensitive". The ration had the following nutritive analysis, 
supplied courtesy of Pro Pel Feeds Ltd (g/I00 g DM): Ash, 6.8; Fat, 2.2; Fibre, 13.4 and Crude 
protein, 15.8. The metabolisable energy value was 13.8 MJ/kg of dry matter (OM) and the diet 
had an in vitro digestibility of 88.9 g organic matter/l00 g DM. 
3.5 Urinary tract catheterisation 
Animals were removed from their crates and placed in a cradle designed for ewe restraint during 
milking. The back of the cradle was elevated above the floor approximately 30 em. A speculum, 
coated with lubricating jelly (K-Y jelly, Johnson & Johnson, UK) was passed through the vulva 
and 2 cm into the vagina A hand held light was used to locate the external urethral orifice. A 
sterile 3.3 mm foley catheter (lOF (3.3 mm) 5 ml, 2 way, TFX Medical USA) (plate 4a) 
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lubricated with K-Y jelly and held rigid with wire was passed through the external urethral orifice 
into the bladder. The catheter balloon was inflated with 5 ml water and the wire removed. Urine 
was allowed to flow from the ca~eter for several seconds to ensure that the catheter was correctly 
placed in the bladder and not in the suburethral diverticulum. 
A rubber adapter attached to 2 m clear vinyl tubing (plate 4a) (3.00 mm 1.0., 4.00 mm 0.0., 
Dural Plastics and Engineering, NSW, Australia) was securely taped to the catheter opening 
(plate 4b). The end of the catheter was stitched to the skin on the rump following an injection of 
1 m1 of a 2 % solution of lignocaine hydrochlOride (Lopaine, Troy Laboratories Pty Ltd (Ethical 
Agents Ltd), N.Z.) The tubing was also tied to the wool on the rump. Animals received a 5 ml 
subcutaneous injection of antibiotic (penstrep LA, 150 mg procaine peniCillin and 141.5 mg 
benethamine penicillin /ml, Pitman Moore Ltd, N.Z.) to prevent urinary tract infection. On return 
to the crate the tubing was attached by rubber band to the crate pin which secured the top right 
back comer of the crate. Sufficient tubing was allowed to give the animal free movement back 
and foreward to the feedbin without allowing the tubing to become entangled in the animal's legs. 
3.6 Jugular catheterisation 
For ease of blood sample collection and animal welfare during the long term daily sampling 
described in (bapter 4 and the short teon intensive sampling described in Chapter 5 a cannula 
was inserted into a jugular vein. Wool was clipped from the region over the left and right jugular 
veins. Skin was disinfected with a 30% cetrimide and chlorhexidin solution. A 14 G'" 5 cm 
introducer (Plate 5)(lntravenous catheter placement unit, Insyte, Deseret Medical Inc., Becton 
Dickinson & Company, USA) was inserted into the vein using a method similar to the Seldinger 
technique (Hecker, 1974). The needle was removed and the introducer used to place 7 em of an 
8 em length of medical grade vinyl tubing (1.00 mm 1.0., 1.50 mm 0.0., Dural Plastics and 
Engineering, NSW, Australia) into the vein. The introducer was removed and the exterior end of 
the vinyl tubing plugged using a cut down (20 mm) bluntened needle (22 G, Terumo CQrporation 
Japan) and a Surflo injection plug (Terumo Medical Corporation, Elkton, MB, USA) (plate 5). 
Tape (Leukoplast 1.25 em, Beiersdorf, AG, Hamburg), attached to the tubing, was stitched to the 
skin to secure the cannula (Plate 6). A 5 cm2 patch of tape (Sleek, 5 em, Smith & Nephew Ltd, 
Hull) was attached to the skin using glue (Selleys supa-glue gel, Selleys Chemicals, Auckland, 
N.Z.). This was used to stop accidental removal of the cannula by the animal when feeding and 
was placed over the cannula such that only the needle hub and plug were visible. Patency of the 
cannula was maintained by flushing the tubing with sterile isotonic phosphate buffered saline 
containing 50 USP units/ml of sodium heparin (Heparin (mucous) B.P., Leo Phannaceutical 
Products, Ballerup, Denmark). Animals were injected subcutaneously with 5 ml of antibiotic 
(penstrep LA, 150 mg procaine penicillin and 141.5 mg benethamine penicillin /ml, Pibnan 
Moore Ltd, N.Z.) immediately after cannulation. 
3.7 Routine chemical analysis 
3.7.1 Dry matterdetennination 
Feed samples were ground through a 1 mm screen (Ruetsch cutting mill, Germany) and a 
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subs ample oven dried to constant weight at 95 • C for dry matter (OM) determination. A constant 
weight was achieved after approximately 24 h. 
Fresh faeces samples were homogenised in a kitchen whizz (Ralta Whizz 2 Processor, 
Model KM4) immediately after collection. Subsamples (approximately 0.25 g) of faeces and 
whole digesta were dried to constant weight 
3.7.2 Chemical analysis for magnesium, potassium and sodium 
3.7.2.1 Feeds and faeces 
Feed and faeces samples were dried to constant weight, wet ashed by the technique of Thompson 
and Blanchflower (1971) and the ash dissolved in 20 ml5 % hydrochloriC acid (HCl; BDH 
Chemicals Ltd, Poole, England). Magnesium content of the dissolved ash was determined by 
atomic absorption spectrophotometry (AAS: Shimadzu AA-670, Shimadzu, Japan) after dilution 
(Dilutrend, Model B 1, Boerhinger, Mannheim, Switzerland) 1 :400 with 2000 ppm strontium in 
0.1 M MCl (as strontium chloride, SICI~ to suppress possible interference by phosphorus before 
measurement All reagents used in the analysis were analytical reagents (AR). 
Sodium (Na) and potassium (K) in feed samples were determined by flame emission 
spectrophotometry (PES : Shimadzu AA-670, Shimadzu, Japan) after dilution 1: 100 and 1 :400 
(Na and K, respectively) with 0.1 % lithium carbonate (LizCO:J to suppress ionisation in the 
flame and reduce matrix formation. 
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3.7.2.2 Rumen and duodenal digesta 
Oven dried rumen and duodenal samples were ignited at 550 • C in a laboratory muffle furnace 
(W.O. MacGregor Ltd, Auckland, N.Z.) for 8 h and the ash reconstituted in 20 ml 5 % HCl. 
Samples were dry ashed as opposed to the wet ashing procedure used above because the nature of 
the samples and high organic matter (OM) content of rumen and duodenal digesta resulted in a 
violent reaction on addition of the nitric and perchloric acid digestion mix. Magnesium 
concentration was determined by AAS following dilution with 2000 ppm strontium in 0.1 M HCl 
at 1:200 for rumen and 1:100 for duodenal digests respectively. Rumen and duodenal supernatant 
Mg concentration was determined after diluting the 30 000 g supernatant fraction obtained by 
centrifuging (Sorvail RC-5 Superspeed Refridgerated) at 19 K for 30 mins, 1 :400 and 1 :200 
respectively. Whole rumen digesta Na and K concentrations were determined by this method 
following a 1:400 dilution with 0.1 % Li2C03• 
3.7.2.3 Colonic and caecal digesta 
Colonic and caecal digesta samples were wet ashed ('Thompson & Blanchflower, 1971) and 
diluted 1: 150 with 2000 ppm strontium in 0.1 M HCl and the Mg concentration determined as 
above. Supernatant samples were diluted 1 :250 with 2000 ppm strontium in 0.1 M HCl and the 
Mg concentration determined by AAS. 
3.7.2.4 :P1asma and urine 
Magnesium analysis of plasma and urine samples was by AAS following dilutions with 
2000 ppm strontium in 0.1 M HCl of 1 :50 and 1 :2500 in plasma and urine respectively. Dilutions 
of 1 :500 and 1: 150 for Na and 1 :50 and 1 :2250 for K with Li2C03 were made of plasma and urine 
samples prior to measurement by FES. 
:3.7 .~.5 Infusates 
Magnesium content of the infusates was determined by AAS following an appropriate dilution 
with 2000 ppm strontium in 0.1 M HCl. Potassium concentration was determined by FES 
following an appropriate dilution with Li2C03• 
Plate 4a 
Plate 4b 
An illustration of the foley catheter (top) and rubber adapter with tubing 
attached (bottom) used for bladder catheterisation of the sheep in Chapters 5 
and 7. 
An illustration of the bladder catheter connected to the rubber adapter. To 
prevent the two parts separating during collection the join was taped. 
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Plate 5 
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An illustration of the equipment used for jugular catheterisation of the sheep in 
Chapters 4 and 5. From left to right - suture with tape and needle attached; (top 
to bottom) Surflo injection plug, bluntened needle, vinyl tubing; and the 
commercial introducer. 
Plate 6 
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An illustration of the jugular catheter, used in Chapters 4 and 5, assembled as it 
was in the sheep. 
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CHAPTER 4 
Effect of potassium and magnesium intake on apparent magnesium absorption 
4.1 Introduction 
Many indoor feeding trials have shown that increased dietary potassium (K) intake decreases 
magnesium (Mg) absorption in ruminants (Field & Suttle, 1979; Greene et al., 1983a,b,c; Tomas 
& Potter,1976~~. This apparent reduction in Mg availability is due to a decrease in Mg absorption 
(Field & Suttle, 1979; Greene et aI., 1983b; Martens & Blume, 1986) and not to an increase in 
endogenous Mg excretion (Newton et al., 1972). 
Although the effects of K on Mg metabolism have been well documented, the literature lackS a 
sufficiently comprehensive study which allows the development of Mg absorption response 
surfaces to increasing dietary K and Mg (Robson, 1989). 
Magnesium supplementation to dairy cattle grazing spring pasture is commonly used to alleviate 
the problems of Mg deficiency. How successful this is at preventing hypomagnesaemia in 
situations of high K intakes as opposed to low Mg intakes is not clear. 
This trial was designed firstly to study the interaction between dietary Mg and K and their effects 
on the Mg status of the animal and secondly to try and establish whether increasing the Mg 
content of the diet will alleviate the problem of decreased Mg absorption at high K intakes. 
4.2 Materials and methods 
4.2.1 Animal welfare 
Twenty 2-year-old female sheep, average weight 43 kg, were chosen for this trial. Five months 
before experimentation commenced a rigid permanent cannula (3 em I.D.) was inserted into the 
rumen (section 3.1). Animals were allowed 3 months to recover from surgery before a 'T' shaped 
cannula was inserted into the proximal duodenum (section 3.2) (approximately 10 cm posterior to 
the pylorus). A further 2 months were allowed for recovery from surgery during which the 
animals were slowly introduced to the pelleted concentrate diet (section 3.4). Throughout the 
recovery periods the animals were treated against fly strike at 3 d intervals and were weighed 
fortnightly. 
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Sixteen animals were chosen on the basis of health record following surgery and their desire to 
consume the pelleted diet. These animals were introduced into metabolism crates. Prior to their 
introduction all animals were dosed with Ivomectin 1 % w/v (Merck, Sharp and Dohme Ltd, 
N.Z.) at a rate of Iml/3kg live weight as a precaution against internal parasitism. 
4.2.2 Feeding 
In order to establish steady state conditions in the rumen for digesta flow detennination feed was 
delivered by continuous feeders (plate 7) at 2 h intervals throughout the day. The animals were 
offered a pelleted low Mg diet at a rate of 900 g wet weight/day. Due to problems in maintaining 
voluntary feed intake they were also offered 100 g (wet weight) chaffed lucerne hay each day. 
Maintenance intake of concentrate for the heaviest ariimals was calculated as 800 g OM per day. 
The addition of 100 g chaffed lucerne hay to maintain intake resulted in animals receiving 92 g 
DM more than was calculated for maintenance. 
All animals had free access to fresh tap water. 
4.2.3. Experimental procedure 
Following a 2 week period for the animals to adjust to the metabolism crates and Continuous 
feeders they were allocated, using the round-robin method following ranking by weight, to one of 
4 K treatment groups. The K treatments were chosen to cover the range likely to be experienced 
in the grazing situation (Smith & Cornforth, 1982) and provided 0, 8.9, 17.8, and 26.7 g Kid for K 
treatments 1 to 4 respectively. 
Within each K treatment 4 Mg infusion levels were randomly allocated within a latin square 
design. The Mg infusion rates were calculated to supply a range of Mg intakes normally 
observed in the field (Holmes & Wilson, 1987). These levels were 0, 0.5, 1 and 2 g Mg/d. The 
diet had a substantially higher Mg content than anticipated from analysis of standard feed samples 
(Pro Pel Feeds Ltd, Christchurch, N.Z. ; standard ration) and so the zero treatment did not result 
in Mg intakes sufficiently low to cause deficiency. The 4 animals within each K treatment group 
received all 4 Mg infusion levels during a period of 4 months (Appendix 2). 
Plate 7 
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A view of the experiment described in Chapter 4 in progress, illustrating the 
sewp of the metabolism crates with continuous feeders, apparatus for the 
separation and collection of faeces, and the infusion lines running out to each 
animal. An elastic band secured the infusion lines at the back of each crate to 
prevent the lines becoming entangled in the legs of the sheep and to prevent the 
sheep from chewing through the infusion lines. 
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Following each infusion period the animals were removed from the metabolism crates to 
individual pens for 3 d during which time they were offered the basal diet at maintenance levels. 
4.2.3.1 Potassium and magnesium infusio~ 
Potassium chloride and magnesium chloride were used to make separate K and Mg stock 
solutions. Individual infusates were obtained by mixing and diluting the relevant solutions with 
distilled water just prior to the beginning of each run. 
The infusates were delivered to the rumen through polyvinyl-chloride tubing (2.00 mm I.D., 
3.00 mm 0.0.; Dural Plastics and Engineering. Dural, Australia) inserted through the cap of the 
rumen cannula. A multichannel peristaltic pump (CPP30, ChemLab, England) was used to 
deliver the infusates at a rate of approximately 460 m1/d for 12 d. 
4.2.3.2 Sodium infusion 
In order to maintain the sodium (Na) status of these animals, especially those receiving the high K 
treatments, a sodium bicarbonate (NaHCOJ solution was infused into the rumen, independent of 
the K and Mg solutions, at a rate of 144 m1/d by multichannel peristaltic pump. This rate of 
infusion was calculated to deliver 3 g Na/animal/d. 
4.2.3.3 Digesta flow 
Digesta flow past the duodenal cannula was measured relative to two indigestible radioactive 
markers, the SICr complex of ethylenediaminetetra-acetic acid (slCr EDT A ; Downs and 
McDonald, 1964; Amersham Australia Pty. Ltd) and 141Ce (cerium chloride in O.lM HCl; 
Amersham Australia Pty. Ltd) and calculated according to the double marlc.er technique of 
Faichney (1975). 
On day 5 of the infusion period the NaHC03 solution was replaced with a similar solution 
containing the two markers. The infusion rate of 144 mUd contained approximately 
40 ~Ci SICr EDT A and 8 ~Ci 141Ce. After 4 d the flow of marker from the rumen was assumed to 
equal the rate of infusion, viz. steady state conditions had been reached, and digesta sampling 
commenced. During the next 4 d approximately 150 g of duodenal digesta was collected at 4 h 
intervals. At the beginning of the third day of sample collection the collection time was changed 
from sampling at 04:00, 08:00, 12:00, 16:00, 20:00 and 24:00 h to 02:00, 06:00, 10:00, 14:00, 
18:00 and 22:00 h. Collection involved removal of the duodenal bung and allowing digesta 
passing the cannula to flow into ~ plastic bag secured to the end of the cannula. Sampling from 
each animal took 5-15 min. 
Samples of rumen digesta were taken via the cannula at 8 h intervals during the 4 d collection 
period. 
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The samples were stored, for 2-3 d, at 4 • C until the end of the digesta flow period and were then 
prepared for analysis. 
4.2.3.4 Magnesium balance 
Faecal and urinary outputs were measured daily throughout the 12 dinfusion period. Collection 
and separation of urine and faeces was achieved by means of a sloping nylon mesh grid in a chute 
beneath each metabolism crate (Plate 7). Urine was acidified to pH 2-3 with concentrated 
hydrochloric acid (cone HQ). Total faeces were collected and homogenised daily in a kitchen 
food processor (Ralta Whizz 2 Processor, Model KM4). Subsamples of daily urine and faeces 
were stored at -20 • C prior to laboratory analysis. 
Feed offered and refusals were recorded and subsampled daily. Feed and refusal dry matter (OM) 
content were detennined weekly by drying to constant weight in a forced-draught oven at 70 • C. 
To prevent contamination with heparinised saline 1 ml of jugular blood was withdrawn through 
the indwelling cannula (section 3.6) and discarded prior to each sampling. Throughout the 
infusion period 5 ml of jugular blood was withdrawn from each sheep at 08.30 h. This sample 
was immediately transferred into a plastic blood tube containing 125 USP units of lithium heparin 
and centrifuged at 1000 g for 20 min. The cannula was flushed with 1 m1 of heparinised saline 
(sterile isotonic phosphate buffered saline containing 50 USP units/ml of sodium heparin 
(Heparin (mucous) B.P., Leo Phannaceutical Products, Ballerup, Denmark) after each sampling. 
Following centrifugation the plasma was stored at -20 • C until analysed. 
A diagrammatic representation of the infusion and sampling procedures is presented in 
Appendix 3. 
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4.2.4 Laboratory analysis 
4.2.4.1 Routine chemical analysis 
Feeds, urine, plasma and faeces were analysed for Mg, Na, and K using the methods described in 
section 3.7. 
4.2.4.2 Duodenal and rumen sample analysis 
One duodenal and 1 rumen, sample for each animal from each day was selected and approximately 
0.25 g subsamples dried to constant weight. These samples were then dry ashed by incinerating 
at 550 • C in a muffle furnace for 8 h (section 3.7.2.2). Twenty millilitres of 5 % HCl was used to 
reconstitute the ash before dilution for detennination of K and Mg as described in section 3.7. 
4.2.4.3 Marlc.er methodology 
4.2.4.3.1 Rumen and duodenal samples 
Immediately after the end of each run half of each rumen and duodenal sample was spun at 
30 000 g for 30 min and the supernatant removed. Supernatant (10 ml) was transferred to plastic 
tubes for radioactive counting. 
Whole digesta (10 ml) was combined with 0.5 g agar and heated to 80 • C in a water bath. The 
tubes were periodically inverted to maintain complete mixing until the agar set Agar was used to 
overcome problems associated with the settling of solid matter in the whole digesta during 
counting causing errors due to the counting geometry of the gamma counter. 
Analysis of radioactivity in both the whole digesta and the supernatant fractions of rumen and 
duodenal fluid was perfonned using a universal gamma counter (1282 Compugamma, urn, 
Wallac, Finland). 
4.2.4.3.2 Oigesta flow and duodenal magnesium flow calculations 
The flow of true digesta at the duodenum was calculated according to the double marker 
technique of Faichney (1975) (Appendix 1, section 1.1). Magnesium flow at the duodenum was 
calculated using the same method, however, Mg concentration was substituted for marker 
concentration in equation 2 and the result multiplied by duodenal flow from equation 3 
(Appendix 1, section 1.2). 
4.2.4.3.3 Magnesium solubility calculations in rumen and duodenal digesta 
The methodology for calculating the proportion of total Mg which was present in the 30 000 g 
supernatant fraction of rumen and duodenal digesta is outlined in Appendix 1, section 1.4. 
4.2.5 Statistical analysis 
50 
Data from samples collected over the last 8 d of the infusion period were analysed for main 
effects and interactions using the general. linear model (GLM) procedure in Statistical Analysis 
Systems (SAS, 1990a). Least square mean analysis was used to determine treatment effects and 
the means procedure used on raw data to generate treatment means and the associated standard 
errors. 
4.3 Results 
4.3.1 Animal health 
Animal health was generally good throughout the experiment although refusals were recorded 
from individual animals. No signs of infection or illness were observed in any animals. 
All animals gained weight during the experiment from an initial mean live weight of 
42.3 t 4.5 kg to a final mean of 47.4 t 3.5 kg. There was variation in feed intake between 
animals and within animals during different runs. While 4 of the 16 animals consumed their 
entire daily ration every day of the experiment, refusals were recorded from others. 
4.3.2 Feed intake 
The DM content of the concentrate diet and lucerne hay was 0.89 and 0.92 respectively, with a 
digestibility ofO.n. Actual mean DM intakes ranged from 830 to 893 g/d. There were no clear 
patterns in time of refusal although in run 1 mean intake was only 855 t 2.39 g/d. Potassium and 
Mg treatments had no significant effect (p> 0.05) on feed intake. 
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Mineral concentrations of the two feeds are presented in Table 4.1. 
Table 4.1 Mineral composition (g/kg DM) o/the concentrate diet and lucerne hay offered 
to sheep during the experiment. 
Concentrate 
LucemeHay 
OMI 
(g) 
801 
92 
Mg 
1.35 
2.32 
Mineral concentration (g/kg OM) 
K Na Ca 
12.14 0.91 5.57 
57.56 0.29 9.95 
Actual Mg and K intakes were 1.3 and 15.0 g/d respectively. 
4.3.3 Potassium and magnesium infusion rates 
p 
2.68 
2.67 
The four K treatments resulted in mean K infusions of between 0 and 26.9 g KId. Table 4.2 
presents mean K infusion rates for the 16 treatments. 
r-'-_·· 
Table 4.2 
Magnesium 
treatment 
1 
2 
3 
4 
Mean (± s.e.m.) quantity o/potassium (g/d) infused into the rumen during the 
balance period/or the 16 treatments. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
0.0 
0.00 
0.0 
0.00 
0.1 
0.00 
0.1 
0.01 
Amount of potassium infused 
Potassium treatment 
2 
8.7 
0.06 
8.0 
0.19 
7.9 
0.15 
7.4 
0.13 
3 
17.8 
0.12 
16.6 
0.31 
17.0 
0.17 
16.4 
0.20 
4 
25.6 
0.37 
25.8 
0.31 
26.9 
0.42 
26.2 
0.39 
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With a relatively constant intake of 15.0 g KId from the diet, the 4 K treatments resulted in daily 
K supplies, viz.infused K plus dietary K intake, of 15.0, 23.9, 32.8 and 41.7 g, respectively. 
These daily K supplies equated to 16, 26, 36 and 46 g K/kg OM, viz. K treatments 1 to 4, 
respectively. 
Magnesium treatments resulted in animals receiving between 0 and 1.86 g Mg/d. Slower rates of 
infusion of those infusates containing a highconcentrationo( both minerals viz. treatment 4, resulted 
in lower than anticipated Mg infusions. Instead of 2 g/d as calculated animals infused with 
treatment 4 received only 1.7-1.86 g Mg/d (Table 4.3). 
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Table 4.3 Mean (± s.e.m.) quantity o/magnesium (g/d) infused into the rumen dwing the 
balance period/or the 16 treatments. 
Magnesium 
treatment 
1 
2 
3 
4 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
0.0 
0.00 
0.5 
0.01 
0.9 
0.01 
1.8 
0.02 
Amount of magnesium infused 
Potassium treatment 
2 
0.0 
0.00 
0.5 
0.01 
1.0 
0.02 
1.9 
0.03 
3 
0.0 
0.00 
0.5 
0.01 
1.0 
0.01 
1.7 
0.02 
4 
0.0 
0.00 
0.5 
0.01 
1.0 
0.02 
1.7 
0.03 
The infusion of 0, 0.48, 0.95 and 1.78 g Mg/d together with the 1.3 g/d dietary Mg intake gave 
total daily Mg supplies (infused Mg plus dietary Mg intake) of 1.3, 1.78,2.25 and 3.08 g, viz. Mg 
treatments 1 to 4, respectively. 
4.3.4 Mineral excretion 
The first part of this section discusses the urinary excretion of Mg and K while results of faecal 
excretion of Mg are presented at the end of the section. 
4.3.4.1 Urinary magnesium excretion 
A significant positive relationship (p < 0.001) was observed between the rate ofMg infusion and 
urinary Mg excretion. There was some variation in the response of individual animals 
(Appendix 4). Mean urinary Mg excretion and standard errors are presented in Table 4.4. 
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Table 4.4 
Magnesium 
treatment 
1 
2 
3 
4 
Effect of potassium and magnesium infusion on mean (± s.e.m.) urinary 
magnesium excretion (gld) during the balance period. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
0.38 
0.020 
0.54 
0.023 
0.78 
0.024 
0.83 
0.047 
Urinary magnesium excretion 
Potassium treatment 
2 
0.31 
0.020 
0.56 
0.020 
0.66 
0.029 
0.76 
0.028 
3 
0.29 
0.023 
0.33 
0.017 
0.61 
0.025 
0.71 
0.019 
4 
0.20 
0.013 
0.32 
0.015 
0.48 
0.023 
0.69 
0.027 
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The increase in urinary Mg excretion from Mg treatment 1 to Mg treatment 4 across all K levels 
was in the order of 0.42-0.49 g/d. Animals receiving K treatment 4 showed a linear increase in 
urinary Mg excretion as the quantity of Mg infused increased (Figure 4.1 a). The response of 
urinary Mg excretion to increasing Mg supply during K treatments 1 to 3 tended to be curvilinear 
(Figure 4.1a). 
Increasing the K supply from 16 to 46 g/kg DM had a significant negative effect on urinary Mg 
excretion (p < 0.001) across all Mg treatments (fable 4.4). There was a progressive decline in 
urinary Mg excretion from K treatment 1 to K treatment 4 for all Mg treatments (Figure 4.1b). 
When the difference in mean urinary Mg excretion (g/d) between K treatments 1 and 4 are 
expressed as a percentage of mean urinary excretion during K treatment 1, percentage reductions 
of 47.4,40.7,38.5 and 16.7 were observed for Mg supplies of 1.30, 1.78,2.25 and 3.08g/d. At 
the highest Mg supply, 3.08 g/d, increasing K resulted in the smallest reduction in urinary Mg 
excretion, while at low Mg intakes where urinary Mg excretion was already depressed (fable 4.4, 
Figure 4.1) increasing K supply severely reduced urinary Mg excretion. 
':-'."" . 
4.3.4.2 Urinary potassium excretion 
A significant linear increase in mean urinary K excretion (p < 0.(01) was observed as K supply 
increased from 16 to 46 g/kg DM (Figure 4.2b). Mean urinary K excretion values and their 
standard errors are presented in Table 4.5. 
Table 4.5 
Magnesium 
treabnent 
1 
2 
3 
4 
Effect o/potassium and magnesium infusion on mean ('1: s.e.m.) urinary 
potassium excretion (g/d) during the balance period. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
5.9 
0.21 
5.3 
0.24 
5.6 
0.22 
5.7 
0.31 
Urinary potassium excretion (g/d) 
Potassium treabnent 
2 
15.3 
0.57 
13.9 
0.47 
14.8 
0.41 
14.0 
0.58 
3 
21.7 
0.57 
19.4 
0.66 
21.4 
0.37 
20.3 
0.50 
4 
28.8 
0.83 
25.2 
0.99 
28.6 
0.99 
25.9 
0.78 
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Overall, urinary K excretion for the 4 K treabnents irrespective of Mg supply were 5.6, 14.5,20.7 
and 27.1 g/d and represented 38.0, 61.7, 63.9 and 65.6 % of total daily K supply for K treabnents 
1-4 respectively. 
Mg supply had no significant effect (p = 0.0278) on urinary K excretion (Figure 4.2a). 
4.3.4.3 Faecal magnesium excretion 
Mean faecal Mg excretion was positively related to Mg supply (Table 4.6). 
Table 4.6 
Magnesium 
treatment 
1 
2 
3 
4 
Effect of potassium and magnesium infusion on mean (:t s.e.m.) faecal 
magnesium excretion (g/d) during the balance period. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
0.83 
0.048 
1.12 
0.091 
1.59 
0.112 
2.19 
0.174 
Faecal magnesium excretion 
Potassium treatment 
2 
0.84 
0.061 
1.24 
·0.103 
1.62 
0.116 
2.26 
0.162 
3 
0.98 
0.060 
1.42 
0.112 
1.78 
0.119 
2.41 
0.120 
4 
1.16 
0.077 
1.10 
0.084 
1.70 
0.104 
1.94 
0.145 
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The increase in daily Mg supply from treatment 1 to 4 resulted in increases in faecal Mg excretion 
of 11.36, 1.42, 1.43 & 0.781 g/d when combined with K treatments 1 to 4, respectively 
(Figure 4.3a). 
As K supply was increased up to 36 g/kg OM there was a tendency for faecal Mg excretion to 
increase, beyond 36 g K/kg OM faecal Mg excretion responses to different Mg supplies were 
variable (Figure 4.3b). At the lowest Mg supply faecal Mg excretion was significantly affected .,. 
by K supply (p = 0.0105). 
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4.3.5 Plasma minerals 
The following section discusses the effects of K and Mg treabnents on plasma Mg, K, and Na 
concentrations. In this section and for all reports of plasma mineral concentrations in this thesis I 
have opted to use mg/l rather than the standard international (SI) units of mmo1/l for plasma 
mineral concentration. Although plasma Mg concentrations have been referred to extensively in 
the results of all experiments, the concentrations have also been used in calculations to detennine 
changes in the amount of Mg in the extracellular fluid (ECF) pool. As all studies dealt with net 
transfer of Mg from tile digestive tract it was necessary to calculate the Mg changes in the ECF 
pool in tenns of milligrams or grams, rather than millimoles or moles, in order to detennin~ the 
proportion of iilfused Mg that was entering the ECF. 
4.3.5.1 Plasma magnesium 
A significant positive relationship was observed between Mg supply and plasma Mg 
concentration for K treatments 1, 3 and 4 (Figure 4.4a). Within K treatment 2, maximum plasma 
Mg concentration was observed during Mg treatment 3, while Mg treabnent 4 had no significant 
effect (p > 0.05) (Table 4.7). 
The largest increase in plasma Mg concentration, 3.5 mg/l, and highest Mg concentration, 
24 :t 4 mg/l, were observed when Mg supply, within K treatment 1, was increased from 1.30 to 
3.08 g/d. 
Increasing K supply from 16 to 46 g/kg DM significantly (p < 0.001) reduced plasma Mg 
concentration (Figure 4.4b). Again there was a variation in the effect of K between Mg 
treatments. From K treatment 1 to K treabnent 4 decreases in plasma Mg concentration of 3.2, 
4.4, 4.6 and 5.0 mg/l were observed with Mg supplies of 1.30, 1.78, 2.25 and 3.08 g/d 
respectively. 
Table 4.7 
Magnesium 
treatment 
1 
2 
3 
4 
Effect olpotassium and magnesium infusion on mean ('1: s.e.m.) plasma 
magnesium concentration (mgll) during the balance period. 
1 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
Plasma magnesium concentration 
Potassium treatment 
20.7 
0.31 
22.7 
0.37 
23.3 
0.28 
24.2 
0.40 
2 
20.4 
0.21 
20.6 
0.45 
21.9 
0.41 
20.8 
0.26 
3 
17.9 
0.42 
18.8 
0.41 
19.0 
0.34 
20.6 
0.44 
4 
17.5 
0.39 
18.3 
0.33 
18.7 
0.52 
19.2 
0.31 
4.3.5.2 Plasma potassium 
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Increasing Mg supply had no significant effect on plasma K concentration (p > 0.05): A 
significant (p < 0.001) increase in plasma K concentration was observed follOwing an increase in 
K supply from 16 to 46 g/kg OM for all Mg treatments. Mean ('1: s.e.m.) plasma K concentration 
during K treatment 1 was 174'1: 2.3 mgll. This concentration increased to 189 '1: 2.5 mgll during 
K treatment 4. 
4.3.5.3 Plasma sodium 
No changes were observed in plasma Na concentrations during any K or Mg treatment 
combination. Mean plasma Na concentration was 13990± 1. 3 rng/l~ , 
4.3.6 Rumen digesta 
In the following section changes in the rumen and digesta flow in the alimentary tract are 
discussed. 
4.3.6.1 Digesta pH 
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The pH of rumen digesta was significantly affected by K supply (p <0.(01) but did not change 
with Mg supply (p = q.24). There was a tendency for digesta pH to increase with K supply up to 
K treabnent 3 after which there were no consistent trends (fable 4.8). 
Table 4.8 Effect of potassium and magnesium infusion on mean (:I: s.e.m) pH of rumen 
digesta. 
Magnesium 
treatment 
1 
2 
3 
4 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
5.8 
0.06 
5.7 
0.04 
5.9 
0.08 
5.9 
0.06 
4.3.6.2 Whole digesta magnesium concentration 
Rumen digesta pH 
Potassium treabnent 
2 3 
5.7 
0.06 
5.7 
0.06 
5.8 
0.06 
5.6 
0.06 
6.1 
0.06 
6.0 
0.05 
6.1 
0.06 
6.0 
0.04 
Prior to infusion rumen digesta had a mean (:I: s.e.m.) total Mg concentration of 
124.0 :t 26.6 mg Mg/l00g OM for all animals during all runs. 
4 
6.0 
0.06 
6.0 
0.05 
5.8 
0.06 
5.9 
0.07 
Infusion of Mg into the rumen significantly (p < 0.(01) increased the Mg concentration of whole 
rumen digesta (Table 4.9) irrespective of K supply. An increase in Mg supply from Mg treatment 
1 to Mg treatment 4 resulted in increases of whole digesta Mg concentration ranging from 
130 mg/~OO-!p~ during K treatment 2 to 205 mg/l00g DM for K treatment 4 (Table 4.9). 
Increasing K supply from treatment 1 to treatment 4 significantly increased (p < 0.(01) whole 
rumen digesta Mg concentration, the greatest increases being observed during Mg treatments 3 
and 4 (Table 4.9). 
Table 4.9 
Magnesium 
treatment 
1 
2 
3 
4 
Effect of potassium and magnesium infusion on mean (:t s.e.m.) magnesium 
concentration in whole rumen digesta (mgllOO g DM) during the balance 
period. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
151 
5.7 
203 
11.0 
202 
7.9 
335 
12.4 
Digesta magnesium concentration 
Potassium treatment 
2 
163 
4.7 
210 
11.9 
266 
11.6 
293 
18.5 
3 
164 
3.8 
205 
6.1 
262 
11.6 
351 
15.5 
4 
173 
5.8 
216 
5.9 
299 
16.2 
378 
15.8 
4.3.6.3 Supernatant magnesium concentration 
Prior to infusion the 30000 g supernatant fraction of rumen digesta had a mean (:t s.e.m.) Mg 
concentration of 21.5 :t 4.35 mg/l00 mI. Supernatant Mg concentration increased significantly 
(p < 0.001) with Mg supply (Table 4.10). For all Mg supplies except treatment 3 supernatant Mg 
concentration tended to decrease with increasing K supply (Table 4.10) but not significantly so 
(p> 0.05). 
Table 4.10 
Magnesium 
treattnent 
1 
2 
3 
4 
Effect o/potassium and magnesium infusion on mean (± s.e.m.) magnesium 
concentration in the 30 000 g supernatant/raction o/rumen digesta 
(mgtlOO ml) during the balance period. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
Su~matant magnesium concentration 
Potassium treattnent 
1 
20.7 
2.60 
22.5 
1.86 
29.1 
1.37 
40.8 
4.89 
2 
22.4 
1.79 
28.4 
1.72 
27.9 
2.41 
32.1 
2.06 
3 
19.6 
l.72 
24.4 
1.82 
24.2 
1.50 
36.5 
4.11 
4 
18.3 
1.61 
17.9 
3.02 
30.1 
2.76 
32.5 
4.08 
Neither K or Mg supply had any significant effect (p > 0.05) on Mg solubility in rumen fluid 
(Table 4.11). There was a tendency for Mg solubility to decline with increasing K supply. 
However this trend was only significant at p = 0.09. 
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Table 4.11 Effect o/potassiwn and magnesiwn infusion on the mean (t s.e.m) percentage 
0/ total magnesiwn present in the 30 000 g supernatant fraction of rumen 
digesta during the balance period. 
Magnesium 
treatment 
1 
2 
3 
4 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
4.3.7 Digesta flow and rumen volume 
1 
42 
4.6 
37 
3.6 
34 
3.1 
38 
3.5 
Magnesium solubility (%) 
Potassium treaUDent 
2 
36 
2;8 
33 
3.1 
35 
2.3 
26 
2.3 
3 
32 
2.9 
30 
2.4 
25 
2.5 
34 
4.0 
4 
29 
3.0 
30 
4.8 
39 
3.3 
33 
3.0 
This section presents estimated duodenal digesta flows and the daily flow of Mg in duodenal 
digesta. Calculated rumen fluid volumes are reported at the end of this section. 
4.3.7.1 Duodenal digesta flow 
Increasing K supply from 16 to 46 g/kg DM, viz. K treaUDent 1 to 4, significantly (p < 0.001) 
increased true duodenal digesta flow rate. There was a tendency for digesta flow to increase with 
Mg supply, however this increase was not significant (Table 4.12). 
Table 4.12 
Magnesium 
treatment 
1 
2 
3 
4 
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Effect of potassium and magnesium infusion on mean (oJ: s.e.m) duodenal 
digestajlow rates (lId) in animals offered 893 g DM and receiving intraruminal 
infusions of pot~sium and magnesium. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
10.2 
0.96 
10.4 
0.26 
9.2 
0.67 
11.0 
0.86 
Duodenal digesta flow 
Potassium treatment 
2 
9.9 
0.36 
9.8 
0.96 
10.6 
0.81 
10.0 
0.57 
3 
12.0 
0.19 
11.9 
0.38 
12.0 
1.17 
11.9 
0.35 
4 
11.1 
0.47 
11.8 
0.44 
13.2 
1.21 
13.0 
1.41 
There were no significant differences in duodenal flow rates between individual animals 
(p = 0.054). 
4.3.7.2 Duodenal magnesium flow 
The flow ofMg in whole duodenal digesta increased significantly (p < 0.001) with both Mg and 
K supply (Table 4.13). The effect of Mg was however greater than that of K. 
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Table 4.13 
Magnesium 
treatment 
1 
2 
3 
4 
E/fectofpotassium and magnesium infusion on mean (± s.e.m) duodenal 
magnesiumj10w (gld). 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
1.10 
0.022 
1.40 
0.135 
1.73 
0.153 
2.37 
0.106 
Duodenal magnesium flow 
Potassium treatment 
2 
1.05 
0.081 
1.38 
0.132 
2.10 
O.lOt 
2.89 
0.174 
3 
1.33 
0.103 
1.70 
0.193 
2.27 
0.117 
3.00 
0.3Ot 
4 
1.24 
0.127 
1.64 
0.098 
1.96 
0.155 
3.14 
0.089 
4.3.7.3 Rumen volume 
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51Cr EDTA, an indigestible marker which associates with the liquid phase of digesta, was used to 
estimate rumen fluid volume (Appendix 1, section 1.3). Rumen fluid volume increased with K 
supply over all Mg treatments with the largest increases being observed with Mg treatments 3 and 
4 (fable 4.14). Volume did not differ significantly between animals. However sheep 14 in run 4 
had a calculated volume of 9litres. This value has been omitted from mean calculations. 
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Table 4.14 
Magnesium 
treatment 
1 
2 
3 
4 
Calculated mean (:t s.e.m) rumen fluid volume (lUres) in animals receiving 
infusions oipotassium and magnesium into the rumen. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
3.3 
0.27 
2.8 
0.30 
2.8 
0.31 
3.3 
0.61 
Rumen volume 
Potassium treabnent 
2 3 
3.5 
0.33 
3.0 
0.21 
3.9 
0.55 
3.9 
0.38 
3.8 
0.40 
2.9 
0.26 
3.0 
0.49 
3.5 
0.06 
4 
3.7 
0.44 
3.4 
0.50 
3.7 
0.29 
3.9 
0.45 
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4.4 Discussion 
This trial provides sufficient data from which a response surface of Mg metabolism to K and Mg 
intakes can be generated. The data indicate that the decrease in Mg absorption associated with K 
intake operates at all Mg intakes but that net Mg absorption at high K intakes can be increased by 
increasing Mg supply. 
Magnesium absorption across the rumen wall is an active process (Martens et al., 1978; Martens 
& Rayssiguier, 1980;, Martens 1983) relying on a functional Na+-K+ pump (Martens et al., 1978). 
Evidence exists for K increasing the potential difference between the mucosal and serosal 
surfaces of the epithelium (Sellers & Dobson, 1960; Scott, 1966) which decreases net Mg 
absorption (Martens et al., 1987a; Martens & Blume, 1986). In the present trial duodenal Mg 
flow increased with increasing K supply suggesting that net Mg absorption from the rumen was 
impaired. During the balance period daily Mg supplies were recorded allowing an estimate of net 
Mg absorption from the rumen to be made (Table 4.15). 
Associated with the increase in duodenal Mg flow with increasing K supply was a decline in net 
Mg absorption from the rumen. Even at high Mg supplies a decline in Mg absorption from the 
rumen was observed. However, the magnitude of this decline was reduced suggesting that the 
negative effect of high K intake on Mg absorption can be partially overcome by increasing Mg 
intake. It was unfortunate that a technique was not established for detennining the potential 
difference (p.d.) across the rumen wall. A considerable amount of time was spent attempting to 
measure the p.d. However, a reliable system could not be developed and the attempt was 
abandoned. Knowledge of the changes in p.d. with increasing K supply would have provided a 
better insight into the means by which K interferes with Mg uptake from the rumen. 
Table 4.15 
Magnesium 
treatment 
1 
2 
3 
4 
Effect of potassium and magnesium infusion on mean (:t s.e.m) magnesium 
absorptionjrom the rumen (gld) :- estimated as the difference in total daily 
magnesium int~ and daily magnesium flow through the duodenum. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
mean 
s.e.m. 
1 
·0.17 
0.040 
0.40 
0.112 
0.35 
0.031 
0.46 
0.191 
Magnesium absorption 
Potassium treatment 
2 
0.15 
0.090 
0.34 
0.180 
0.15 
0.092 
0.28 
0.167 
3 
-0.06 
0.080 
0.13 
0.141 
-0.03 
0.095 
0.31 
0.120 
4 
0.08 
0.120 
0.04 
0.021 
0.22 
0.082 
-0.08 
0.042 
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The decrease in Mg absOlption from the rumen with increasing K supply was associated with an 
increase in rumen digesta pH. Smith & Hom (1976) demonstrated in vitro. using rumen fluid. a 
decline in Mg solubility with increasing pH. the critical range being pH 6 to 7.5. Although rumen 
digesta pH in the present experiment was not elevated above 6.1. at high K supplies Mg solubility 
declined from approximately 38 % to 33 % when rumen digesta pH increased from 5.8 to 6.1. 
The greatest relative decline in solubility was observed at low Mg supplies. viz. Mg treatment 1, 
where Mg solubility declined from 42 % with K treatment 1 to 29 % with K treatment 4. 
The present trial provides insufficient data to define the cause of this pH change. However. there 
are at least two possible explanations. It is possible that K or chloride (a") ion loading in the 
rumen facilitates hydrogen (H+) ion transfer across the rumen wall thereby increasing pH. 
However. in light of the increases observed in water intake and calculated rumen fluid volume 
associated with increasing K supply it is likely that the increase in pH observed is a reflection of a 
dilution of the H+ ion concentration. The results are in agreement with previous work of Greene 
et al. (1983c) & Wylie et al. (1985) who also demonstrated increased rumen pH as K supply 
;---.. -," 
increased. However, the work of Greene et al. (1983c) and Wylie et aI. (1985) used potassium 
bicarbonate as the K source and it is possible that the change in pH may have been due to the 
increase in bicarbonate ion concentration in the rumen shifting the ionic equilibrium. 
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The increase in duodenal digesta flow rates with increasing K supply probably occurred as a 
result of increased rumen volume. Although not measured, an increase in water intake was 
observed in animals receiving high K treatments. As the small and large intestines are the major 
sites of water absorption from the digestive tract (Ulyatt et aI., 1975) it is likely that the increased 
water intake is partly responsible for the increase in rumen volume. It is also possible that high 
rumen K concentrations may affect the osmolarity in the rumen resulting in fluid retention. 
The effect of K on urinary Mg excretion was relatively constant irrespective of Mg intake, viz. 
decreases in urinary Mg excretion of 0.18, 0.22, 0.30 and 0.14 g Mg/d when K supply was 
increased from 16 to 46 g/kgDM/d for Mg treatments 1 through 4, respectively. The absence of 
an interaction between Mg and K intake implies that increasing Mg intake will increase Mg 
absorption. Consequently, at low Mg intakes where Mg absorption is likely to be impaired the 
relatively greater depression in Mg absorption with high K intakes may induce hypomagnesaemic 
tetany. The reduction in urinary Mg excretion observed in the present trial was similar to those 
observed by Greene et aI. (1983a,b), Newton et al., (1972) and Suttle & Field (1967) all of whom 
observed linear decreases in urinary Mg excretion following K supplementation (Table 4.16). 
As urinary Mg excretion is a reliable indicator of net Mg absorption (Ammerman et al., 1972; 
Chicco et aI., 1972; Kemp et aI., 1961) the results from the present trial suggest that the decrease 
in urinary excretion was a result of a decline in net Mg absorption. As discussed previously in 
this chapter increasing K supply depressed absorption of Mg from the rumen. At K supplies of 
46 g/kg OM, viz. K treatment 4, Mg absorption from the rumen, calculated as the difference 
between Mg intake and duodenal Mg flow, was almost zero. However, between 0.2 and 0.7 g of 
Mg was excreted in urine which suggests that Mg must have been absorbed from some other site. 
Dividing the amount of Mg absorbed from the rumen (Table 4.15) by urinary Mg excretion 
(Table 4.14) gives the proportion of Mg excreted in urine that could be accounted for by net Mg 
disappearance before the duodenum. These values for all treatments are given in Table 4.17. The 
data suggest that compensatory Mg absorption from a site distal to the rumen was occurring at 
high K intakes. Tomas & Potter (1976b) looked at the interaction between sites of Mg absorption 
in the digestive tract and concluded that the quantity of Mg absorbed from the large intestine was 
significantly and substantially increased when Mg absorption from the rumen fell to relatively 
low levels. 
Table 4.16 
Potassium 
supply 
(%) 
Low 
High 
Low 
High 
Low 
High 
Low 
High 
0.6 
4.8 
0.6 
4.8 
0.6 
4.9 
1.1 
4.2 
The magnitude of the decline in urinary magnesium excretion (g/d and %) as a result of increasing potassium intake :-
compiled from reports in the literature. 
Magnesium 
intake 
(g/d) 
1.31 
1.25 
1.34 
1.43 
0.912 
0.878 
1.54 
1.54 
UrinaryMg 
excretion 
(g/d) 
0.34 
0.21 
0.4 
0.18 
0.456 
0.120 
0.3 
0.2 
Decline in urinary Mg excretion Source 
(g/d) (%) 
0.13 38 Greene, Fontenot & Webb, 1983a 
0.22 55 Greene, Fontenot & Webb, 1983b 
0.336 74 Newton, Fontenot, Tucker & Polan, 1972 
0.10 33 Suttle & Field, 1967 
....,J 
~ 
Table 4.17 
Magnesium 
treatment 
1 
2 
3 
4 
Effect of potassium and magnesium infusion on the proportion of total daily 
urinary magnesium excretion originating from magnesium absorption in the 
rumen. 
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Proportion of Mg excreted in urine derive from rumen absorption 
. Potassium treaUllent 
1 2 3 4 
mean 0.45 0.48 -0.21 0.4 
mean 0.74 0.61 0.39 0.13 
mean 0.45 0.23 -0.05 0.46 
mean 0.53 0.37 0.44 -0.11 
The posterior site of Mg absorption in the present experiment is most likely to be the large 
intestine as net secretion of Mg from the small intestine has been reported in many experiments 
(Ben-Ghedalia et al., 1975; Bown et al., 1989; Tomas & Potter, 1976a) and there are several 
reports of net Mg absorption from the large intestine (Dalley & Sykes, 1989; Mclean et al., 
1984; Tomas & Potter, 1976b). The results of the present trial suggest that at high K intakes Mg 
absorption from sites posterior to the rumen may play an important role in maintaining Mg 
homeostasis. Mclean et al. (1984) observed a linear increase in post rumina! absorption as Mg 
intake increased. Presumably the increase observed in the present trial was partly due to larger 
amounts of Mg arriving in the large intestine when rumen Mg absorption was low. The increase 
in Mg absorption from the large intestine observed by Tomas & Potter (1976b) was associated 
with a 20-25 % increase in Mg entering the large intestine. 
Further research is required to establish the factors, including K intake which influence post 
ruminal Mg absorption. The large scale absorption of K from the small intestine (Kay & Pfeffer, 
1969) would suggest that K concentrations in digesta arriving in the large intestine are likely to be 
less than in the rumen, and antagonistic effects of K on Mg may not be as important in the hind 
gut as in the rumen. In the present trial there was a linear increase in urinary K excretion with 
increasing K supply. However, the proportion of daily K supply excreted in urine reached a 
I! 
i .- . 
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plateau at approximately 65 % suggesting that there is a limit to the amount of K that can be 
removed by the kidneys and excreted in urine. This limit to K excretion from the body could help 
explain the increase in plasma K concentration observed with increasing K supply. At very high 
K intakes, viz. 36-46 g K/kg DM concentrations, Mg absorption from the large intestine may well 
be influenced by K supply. This area requires further,investigation. 
If Mg was retained within the body in the present trial it is possible that net Mg absorption may 
have been greater than urinary Mg excretion results suggested. Magnesium retention values 
were calculated as the difference between daily Mg supply, viz. Mg infused plus Mg intake and 
daily Mg excretion, viz. urinary plus faecal Mg excretion. Mean Mg retention values for each 
treatment show no consistent trends (Table 4.18) making it difficult to draw any firm conclusions 
on the effect of K treatment on Mg retention. One possible explanation for the non consistent 
retention values was the unexpected faecal Mg excretion results that were observed. The absence . 
of an increase in faecal Mg excretion with decreasing absorption of Mg from the digestive tract 
probably arises from errors in sample collection. The errors associated with urine collection are 
likely to be less than those for faecal collection as daily urine excretion tends to be relatively 
constant. With faecal sampling it is more difficult to ensure total collection as it is possible for 
digesta to be delayed during passage through the digestive tract resulting in more variability in 
total collection from one day to the next. This variability was reflected in the larger standard 
errors associated with faecal Mg results (Table 4.6) compared to urinary Mg excretion (Table 4.4). 
. -;- ,-<-'. 
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Table 4.18 
Magnesium 
treatment 
1 
2 
3 
4 
Effect of potassium and magnesium infusion on mean (oJ: s.e.m.) magnesium 
retention (g/d) during the balance period. 
mean 
s.e.m. 
0.07 
0.213 
0.25 
0.184 
-0.09 
0.128 
0.39 
0.151 
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The effect of K and Mg on the amount of Mg in the extracellular fluid (ECF) pool was estimated 
by multiplying plasma Mg concentration by the volume of the ECF pool. It was assumed that 
, 
ECF Mg was in equilibrium with plasma Mg and that the ECF pool of a 45 kg sheep was 15 % of 
live weight (Storry. 1961b). or 6.75litres. Despite there being quite significant increases in 
plasma Mg concentration with increasing Mg supply and decreases with increasing K supply. in 
tenns of actual quantities of Mg these changes only amounted to 0.01-0.03 g. indicating that 
retention of Mg in the ECF pool was small. relative to the total daily throughput of Mg. 
Assuming that urinary Mg excretion reflects absorption. it is possible to calculate the coefficient 
of Mg absorption. Because of the errors associated with calculating Mg retention. Mg retained 
within the body has been omitted from calculations of the coefficient of absorption. 
'-.:;>:' . 
Table 4.19 
Magnesium 
treatment 
1 
2 
3 
4 
Effect o/potassium and magnesium infusiOn on the coefficient o/magnesium 
absorption/rom the entire digestive tract. 
1 
mean 0.29 
mean 0.31 
mean 0.35 
mean 0.28 
Absorption coefficient 
Potassium treatment 
2 3 
0.24 0.21 
0.32 0.18 
0.29 0.27 
0.24 0.23 
4 
0.13 
0.17 
0.20 
0.22 
The coefficient of Mg absorption decreased with increasing K supply and increased with 
increasing Mg supply up to 2.25 g Mg/d, viz. Mg treatment 3, for K treatments 1 to 3 
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(Table 4.19). At high K intakes the coefficient continued to increase with increasing Mg supply, 
viz. Mg treatments 1 to 4. Absorption coefficients ranged from 0.13 at low Mg and high K 
intakes to 0.35 at high Mg low K intakes. A mean coefficient of absorption for mature ruminants 
of 0.29 has been calculated (Grace, 1983a). However, for calculations of Mg requirement a more 
conservative value of 0.17 is used to allow a safety margin for animals consuming diets high in K 
(Grace, 1983a). The results of the present study suggest that when high K intakes are associated 
with Mg intakes at the low end of the range observed in New Zealand pastures that even a 
coefficient of 0.17 may be too high. 
In terms of the model of Mg metabolism being developed in this laboratory (Robson, 1989) the 
data from this trial have validated the negative effects that K has on apparent net Mg absorption. 
The new observation of an increase in rumen digesta pH with increasing K supply suggests that a 
factor accounting for this effect on Mg solubility may also require inclusion in the model. Further 
research is required to determine whether the effect of K on pH was due to a decrease in the H+ 
ion concentration as a result of increased H+ ion transfer from the rumen or because of a dilution 
of the H+ ions already present in the rumen through increased water intake. It may be that the 
removal of chloride ions, present in both the K and Mg infusates, from the rumen results in an 
increase in H+ ion uptake across the rumen wall to achieve ionic eqUilibrium. 
1 
1< 
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The present experiment reinforces the importance of post rumina! Mg absorption in the 
maintenance of Mg homeostasis e,specially at high K intakes. A trial partitioning the digestive 
tract into three sections - rumen, small intestine and large intestine to look at the disappearance of 
Mg from the each of these sites during high K intakes would also help iIi the understanding of net 
Mg absorption from the digestive tract 
In practical tenns the results of this experiment suggest that Mg supplementation at high K 
intakes is beneficial and partially overcomes the depression in net Mg absorption. The K and Mg 
supplies used in this experiment were within the ranges established for New Zealand pastures 
(Holmes & Wilson, 1987; Smith & Cornforth, 1982). The low coefficient of absorption observed 
at high K supply when combined with low Mg supply was less than the conservative value of 
0.17 used in most Mg requirement calculations. It may be that the magnitude of the depression in 
net Mg absorption as a result of high K intakes in animals with a low Mg supply is greater than 
previously thought In the high K and low Mg situation a large proportion of Mg absorption 
appeared to occur from sites distal to the rumen. If the absorption mechanism from the large 
intestine becomes saturated. as observed in the rumen (Martens et aI., 1978), then it is possible 
that Mg uptake from the large intestine will be limited and that the only way to overcome the Mg 
deficiency problem is to decrease the K intake. Further research is required to detennine the 
mechanisms of absorption and the factors affecting net Mg uptake from the large intestine in 
ruminants. 
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CHAPTERS 
Magnesium absorption from the large intestine 
S.l Introduction 
Current knowledge suggests that the rumen is the major site of Mg absorption in the gastro-
intestinal tract of ruminants (Tomas & Potter, 1976a,b; Field & Munro, 1977; Gabel & Marteris, 
1985). However, it has been suggested that absorption from the large intestine also occurs (Grace 
& MacRae, 1972; Kemp et al., 1973; Tomas & Potter, 1976b). The role of the large intestine in 
Mg homeostasis under conditions of adequate Mg intake is probably quite low. However, the 
potential could exist for considerable compensatory absorption of Mg from the large intestine in 
hypomagnesaemic animals when the amount of Mg absorbed by the rumen is inadequate 
(Ben-Ghedalia et al., 1975, Dalley & Sykes, 1989; Tomas & Potter, 1976b). As reported in 
Chapter 4 post ruminal Mg absorption increased at high K intakes when Mg absorption from the 
rumen was impaired. 
The exact site of Mg absorption within the large intestine is unknown as previous experiments 
have concentrated on the loss of Mg occurring between the tenninal ileum and the anus 
(Ben-Ghedalia et al., 1975; Dalley & Sykes, 1989; Tomas & Potter, 1976). 
IfMg absorption can be facilitated by passive transfer as susgested by Ben-Ghedalia et al. (1975) 
then the intense absorption of water from the centripetal coils of the spiral colon (Hyden, 1961) 
and the subsequent concentration of solutes would facilitate passive transfer from this region. 
The caecum is another potential site of Mg absorption as the production of volatile fatty acids, 
(VFA's) resulting from carbohydrate fennentation, provides a local source of readily available 
energy for active transfer of Mg across the gut wall. The production of VF A's may also decrease 
digesta pH and increase Mg solubility (Smith & Hom, 1976). 
With such uncertainty existing as to the sites and mechanisms involved in Mg absorption from 
the large intestine the current trial was designed to partition the large intestine into three regions 
and to ascertain which region, if any, is the predominant site for Mg absorption. A Mg solution 
was infused into one of the three sites, tenninal ileum, proximal colon or rectum. Urinary Mg 
excretion and plasma Mg concentration were used as indicators of net Mg absorption. 
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5.2 Materials and methods 
5.2.1 Animals 
Ten 2-year-old female sheep, average weight 40 kg, were chosen for the trial. Three months prior 
to experimentation 'T' shaped cannulae were inserted into each of the terminal ileum and 
proximal colon (section 3.2). Six weeks prior to infusions the animals were housed in individual 
pens and gradually introduced to a pelleted concentrate diet (section 3.4). All animals received, 
orally, 12.5 ml Ivomectin 1 % w/v (Ivomec; Merck, Sharpe & Dohme Ltd, N.Z.) and, 
subcutaneously, 2 m1 Coopers multine 5 in 1 clostridial vaccine (Coopers Multine, Pitman-Moore 
Ltd, N.Z.) just prior to introduction to metabolism crates. 
5.2.2 Feeding 
Animals were offered a pelleted concentrate diet (Pro Pel Feeds Ltd, Christchurch, N.Z. ; standard 
ration) at a rate of 800 gld and supplemented with 100 g chaffed lucerne hay per day to maintain 
voluntary feed intake at maintenance levels (section 3.4) 
All animals had free access to fresh tap water. 
5.2.3 Experimental procedure 
Feed digestibility was determined during 10 d once the animals were consuming their total daily 
allowance. Feed, feed refusals and total faeces weights were recorded and subsamples dried for 
24 h at 70 • C in a force draught oven. 
Four weeks prior to the first infusion one animal died suddenly. Post mortem examination 
revealed the cause of death was a massive bacterial infection in the liver. 
Animals were ranked by weight and allocated using the round robin method to 1 of 3 Mg infusion 
treatments : rectal, proximal colonic and terminal ileal. A latin square design was used for 
reallocation of treatments so that each animal received each infusion during 3 runs of the 
experiment. 
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Three days before infusion commenced indwelling jugular catheters were inserted into each 
animal using the procedure described in section 3.6. Throughout the period of catheter placement 
the animals received, by subcutaneous injection,S ml of antibiotic (penstrep LA, 150 mg 
procaine penicillin and 141.5 mg benethamine penicillin ImI, Pitman Moore Ltd, N .Z.). On the 
morning of the infusion bladder catheters (3.3 mm Foley catheter, lOF (3.3 mm) 5 ml, 2 way, 
TFX Medical USA) were inserted (section 3.5) into those animals receiving the rectal infusion 
during run 1 to avoid Mg contamination of the urine should the infusate be voided in the faeces. 
In runs 2 and 3 bladder catheters were inserted into animals receiving both rectal and colonic 
infusions. The development of diarrhoea during colonic infusions in run lIed to the decision to 
insert catheters into animals receiving colonic infusions in subsequent runs to prevent faecal 
contamination of the urine. The bladder catheters were removed 24 h after infusion stopped. 
5.2.3.1 Magnesium infusion 
~ multichannel peristaltic pump (CPP30, ChemLab, England) was used to deliver 4 g Mg, as 
MgCl2, in 70 ml of deionised water during 10 h. Polyvinyl chloride tubing (2.00 nun 1.0., 
3.00 mm 0.0.; Dural Plastics and Engineering, Dural, Australia) was run to each crate to deliver 
the infusate. Following urinary tract catheterisation the infusion lines were placed in their 
respective sites. 
For both terminal ileal and proximal colonic infusions the infusion lines were positioned down 
the inside of the bung of the appropriate cannula and placed approximately 1 em into the digestive 
tract. 
For rectal infusion the infusion line was passed through a rigid plastic artificial insemination 
pipette 20 em long (plate 8) such that 1 em protruded. The tubing was secured within the pipette 
and sealed with glue (Araldite, Selleys Chemicals, Auckland, N.Z.) at both ends. The outer 
plastic sleeve was forced through holes cut in the centre of 2 vacutainer bungs (Becton Dickinson 
and Company, USA). Bungs were placed 15 em from the tip of the infusion line (plate 8). To 
insert the line the animals were restrained in their crates and the hind quarters elevated. The line 
was inserted along the base of the rectum taking care not to rupture the epithelium. If faeces 
obstructed the positioning of the line, faecal material in the last 3-4 em of the rectum was 
manually removed. Once the rubber bungs were sitting as close to the outside of the anal . 
sphincter as possible the probe was secured in place with nylon thread. The thread was wound 
round the outer sleeve between the 2 bungs then finnly tied to the wool on the mid rump area on 
both sides of the sheep. 
Plate 8 
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An illustration of the rectal infusion apparatus used in Olapter 5. TIle infusion 
tubing was passed through the centre of an artificial insemination pipette and 
glued at each end. Two vacutainer bungs were then positioned 15 em from the 
tip of the infusion line to stop the line moving further into the rectum once in 
position. Nylon thread was wound between the bungs and tied onto the wool to 
prevent the line being forced out 
em L..' ---"_.L.--' 
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5.2.3.2 Blood sampling procedures 
To prevent contamination with heparinised saline 1 ml of jugular blood was withdrawn through 
the indwelling cannula (section 3.6) and discarded prior to each sampling. Five millilitres of 
blood were withdrawn from each sheep at 06:30 h for 3 d prior to infusion This sample was 
immediately transferred to a test-tube containing 125 USP units of sodium hepann. The cannula 
was flushed with 1 ml of heparinised saline (sterile isotonic phosphate buffered saline containing 
50 USP units/ml of sodium heparin (Heparin (mucous) B.P., Leo Pharmaceutical Products, 
Ballerup, Denmarlc) after each sampling. Within 1 h of collection samples were centrifuged at 
1000 g for 20 min (Mistral 3000 centrifuge, MSE, United Kingdom). Plasma was collected and 
stored at -20 • C for analysis. 
On the day of infusion the 06:30 h sample was collected as usual and nominated as 0 h sample. 
During the infusion period samples were collected at 0.5, 1, 1.5,2,2.5,3,4,5,6,7,8,9, and 10 h. 
At the completion of the infusion samples were collected every half hour for 2 h, then 2 hourly 
for 12 h and finally 6 hourly for 18 h. 
Between infusions blood samples were collected daily and the jugular cannula flushed with 
heparinised saline 3 times each day. 
5.2.3.3 Urine collection 
A sloping nylon mesh grid in a chute positioned beneath the metabolism crate was used for 
separation and collection of urine and faeces. Total daily urine samples were collected at 07:30 h 
for 4 d, including the day of the infusion, and the volume recorded. Samples were acidified to 
pH 2-3 with concentrated analytical grade acetic acid (BDH Chemicals Ltd, Poole, England). 
During the infusion and for a further 24 h urine samples were collected at 6 h intervals, returning 
to daily sampling on the third day following infusion. Subsamples of each collection were stored 
at -20 • C for analysis. 
A 7 d period was allowed before the animals were reallocated to their treatment and the procedure 
repeated. During this period they were offered the basal diet at maintenance levels. After the 
second run all animals were removed from the metabolism crates to individual pens for three 
days. 
84 
5.2.4 Laboratory analysis 
Urine. feed. and plasma samples were analysed for Mg using the techniques described in section 
3.7.2. 
5.2.5 Statistical analysis 
The changes in Mg excretion and plasma Mg concentration during the infusion were analysed for 
main effects using the ,general linear model (GLM) procedure in Statistical Analysis Systems 
(SAS. 1990a). Treatment means for the changes in urinary Mg excretion and plasma Mg 
concentration for each animal were analysed by analysis of variance at each time period using 
Proc Anova in SAS. 
S;3 Results 
5.3.1 Animal health 
Mean live weight of animals introduced to metabolism crates was 44.8 :f: 1.45 kg. There were no 
significant changes in live weight during the experiment such that the final mean live weight was 
45.3:f: 1.50 kg. 
During infusion periods urinary tract infections developed in some animals despite the use of 
sterile equipment and treatment of animals regularly with a subcutaneous injection of antibiotic 
(Penstrep LA. 150 mg procaine penicillin and 141.5 mg benethamine penicillin /mI. Pitman 
Moore Ltd, N.Z.). The infection nonnally lasted 1-2 d with animals rapidly returning to full 
health. 
Infusion of 4 g Mg into the proximal colon resulted in diarrhoea. Within 2-5 h after the infusion 
ceased faecal excretion had returned to nonnal. 
5.3.2 Feed intake 
Consumption of 800 g pelleted concentrate and 100 g chaffed lucerne hay each day provided 
1.87.6.46 and 4.3 g of Mg. K and Na. respectively. Mean digestibility of DM was 0.72. 
Three of 9 animals had no long teno disruptions to feed intake throughout the experiment. The 
remaining 6 had erratic intakes, with depressioris occurring immediately following treatment 
days. Half of these animals returned to maintenance intake within 3 d while the remainder 
continued to consume varying amounts each day. 
5.3.3 Magnesium infusion rates 
Mean Mg infusion rates and the quantity of Mg delivered are presented in Table 5.1. 
Table 5.1 Mean (± s.e.m.) infusion volumes (mU 10 h) and mean (± s.em.) magnesium 
delivery (gllO h) into the digestive tract. 
Run 1 
Run 2 
Run 3 
Grand Mean 
5.3.4 Urinary magnesium excretion 
Volume 
(s.e.m.) 
65.9 
(0.43) 
68.8 
(0.45) 
68.2 
(0.94) 
Mg 
4.4 
(0.03) 
4.6 
(0.02) 
4.6 
(0.04) 
4.60 
(0.06) 
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There were differences between animals in urinary Mg excretion rate prior to infusion. For this 
reason urinary Mg excretion data are presented as the difference in Mg excretion, (mg Mg/h), 
between the mean excretion value for each animal detenoined from samples collected prior to the 
infusion and each individual sample collected during the infusion and post-infusion periods. 
Expression of excretion as mg Mg/h was necessary due to the varying time intervals during which 
samples were collected. 
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All treatments resulted in a rapid increase in urinary Mg excretion during the first 6 h of infusion 
and this continued up to the 12 h sample (Figure 5.1). There was some variation between animals 
in their responses. Peak urinary Mg excretion was observed at the 12 h collection in most 
animals. However on several occasions peak excretion occurred at 6 h. Full individual animal 
data is presented in Appendix 5 (Table AS). 
There was no effect of treatment (p > 0.05), run (p > 0.05) or animal number (p > 0.05) on the 
change in urinary Mg excretion. A significant (p < 0.001) effect of time was observed such that 
at 6, 12 and 18 h urinary excretion was significantly greater than pre- and post-infusion values. 
At 12 h there was no significant difference (p>O.05) in Mg excretion between the treatments 
despite increases in mean excretion of 53.9, 59.1 and 81.2 mg Mg/h for ileal, colonic and rectal 
infusions respectively. 
Following the 12 h sampling there was a rapid decline in urinary Mg excretion. A difference in 
the rate of decline was observed between the three treatments (Table 5.2; Figure 5.1). 
Table 5.2 
Time 
12-18h 
18-24h 
Rate of decline in mean urinary magnesium excretion (mglh).jrom peak 
excretion at the 12 hour sampling,following the removal of the exogenous 
magnesium source. 
neum 
-10.85 
-50.97 
Change in Urinary Mg excretion 
Colon 
-23.12 
-37.80 
Rectum 
-67.41 
-20.03 
As the site of Mg infusion became more distal the return to baseline excretion was more rapid, in 
the period between the 12 and 18 h sampling. This was reversed between 18 and 24 h so that by 
24 h urinary excretion for all treatments had returned to pre-infusion levels (Figure 5.1). 
Total urinary Mg excretron during the 24 h of intensive sampling was detennined by two methods 
- as the area beneath the urinary Mg excretion rate versus time curve and also by summation of 
urine output at 6, 12, 18 and 24 h. (Table 5.3). 
I ........ . 
Table 5.3 
Area beneath the 
curve (g Mg/d) 
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Total urinary magnesium excretion (gld) during the 24 hours in which urine 
samples were collected atfrequent intervals:- estimatedfrom the area beneath 
the urine excretion-time curves and by summation o/urine output/or the/our 
collection times. 
Site of magnesium infusion 
neum Colon Rectum 
0.717 0.712 0.830 
Actual Mg excretion 0.779 0.710 0.828 
(gMg/d) 
Mg excreted as a 
percentage of that 17 15 18 
infused 
The greatest increase in Mg excretion was observed following rectal infusion of MgOz. Urinary 
Mg excretion at this site accounted for 18 % of Mg. infused. 
5.3.5 Plasma magnesium changes 
Individual pre-infusion plasma Mg concentration ranged from 18.3 to 30.1 mg/l. There was 
variation both between animals and within animals between runs. The plasma Mg response to 
treatment is therefore expressed as the difference in plasma Mg concentration between samples 
collected during the infusion and the pre-infusion mean concentration for each animal in each run. 
Negative differences indicate a decline in plasma Mg compared with the pre-infusion mean 
All treatments resulted in significant increases in plasma Mg concentration. After 30 min of 
rectal infusion plasma Mg had increased on average by 2.2 ± 0.9 mg/l. This mean increase was 
significantly greater than differences observed during ileal and colon infusions at the same time 
(Table 5.4; Figure 5.2). 
Table 5.4 
Time 
(h) 
0.5 
1 
1.5 
2 
2.5 
3 
4 
5 
6 
7 
8 
9 
10 
10.5 
11 
11.5 
12 
13 
Mean (± s.em.) change in plasma magnesium concentration (mg/l) during 
infusion of magnesium chloride into the terminal ileum, proximal colon or 
rectum. 
Mean change in plasma Mg (± s.e.m.) 
ileum Colon Rectum 
-O.7b* (0.7) O.lb (0.5) 2.2' 
3'.Qb (1.5) 4.2·b (0.7) 6.3' 
4.1b (1.9) 6.6ab (1.0) 9.3' 
5.3b (1.8) 7.81b (1.3) 11.4' 
5.8b (1.4) 8.6ab (0.8) 11.7' 
7.1b (1.4) 9.5ib (1.2) 13.0-
8.Qb (1.7) 9.Qb (1.0) 13.8' 
8.1b (1.1) lO.3b (0.7) 13.4' 
10.4' (1.4) 9.61 (1.2) 12.7' 
7.8b (1.5) 9.21b (1.0) 13.4' 
7.9 (0.7) 9.3 (0.8) 13.6 
7.7 (0.8) 9.4 (1.2) 13.1 
8.2 (1.2) 7.8 (1.3) 11.8 
6.2 (1.0) 5.8 (1.1) 9.9 
4.4 (0.8) 3.7 (0.8) 7.6 
3.4 (0.008) 2.6 (0.7) 6.9 
3.1 (0.010) 1.8 (0.7) 1.9 
1.9 (0.009) 0.7 (0.6) 2.6 
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(0.9) 
(1.1) 
(1.2) 
(1.4) 
(1.2) 
(1.1) 
(1.3) 
(1.0) 
(1.7) 
(2.2) 
(2.7) 
(2.7) 
(2.6) 
(2.9) 
(3.0) 
(2.8) 
(0.7) 
(2.6) 
,.. means in the same row with different superscripts are significantly different. Beyond 8 hours there was 
no significant difference between the sites of infusion. 
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Increases in plasma Mg were observed at the 1 h measurement during both ileal and colonic 
infusions and although not significantly different, the increase in plasma Mg concentration with 
colonic infusion was greater than that during ileal infusion (Table 5.4). 
After ileal infusion there was considerable variation between animals in the time at which plasma 
Mg concentration began to increase. Five had elevated levels at 1 h while increases in others 
were only observed between 2 and 4 h. 
All animals receiving colonic infusions had elevated plasma Mg concentrations within 1.5 h of 
starting infusions. 
The largest mean increases in plasma Mg were observed after 6, 5 and 4 h for ileal, colonic and 
rectal infusions, respectively. In individual animals, however, maximum plasma Mg levels were 
attained anywhere between 2.5 and 10 h. Sheep 8, when receiving a rectal infusion, had the 
lclrgest increase in plasma Mg - lIiz. 34.8 mg/l- 8 h after the commencement of infusion. Actual 
plasma Mg concentration was 56.6 mg/l at this time. 
Following the cessation of infusion plasma Mg rapidly returned to nonnal - within 2 h following 
rectal infusion and within 3 and 6 h for ileal and colon infusions, respectively. In sheep 8 nonnal 
plasma Mg was restored within 8 h despite such a large elevation in Mg concentration. 
Peak plasma Mg concentrations, the mean increases and the actual quantity of Mg involved are 
presented in Table 5.5. 
Table 5.5 
Site of 
infusion 
Ileal 
Colonic 
Rectal 
Mean (± s.e.m.) peak plasma magnesium concentration (mgll)for the three 
sites of magnesium chloride infusion, the time at which peak concentrations 
were observed (h) and the increase compared with the mean magnesium 
concentration (mgll) prior to infusion. 
PeakMg 
concentration 
. 33 
(1.7) 
33 
(1.5) 
37 
(2.2) 
Time of peak. Mg 
concentration 
6 
5 
4 
Mean 
change 
10 
(1.4) 
10 
(0.7) 
14 
(1.3) 
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Figure 5.1 Mean change in urinary magnesium excretion during 
magnesium chloride infusion into the teIDlinal ileum (a), 
proximal colon (b) and rectum (c). The arrows indicate the 
start and finish of infusion. 
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Figure 5.2 Mean plasma magnesium concentration during magnesium 
chloride infusion into the tenninal ileum (a), proximal colon (b) 
and rectum (c). The arrows indicate the start and finish of 
infusion. 
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5.4 Discussion 
Strong correlations have regularly been observed (Arnmennan et al., 1972; Kemp et al., 1961) 
between net Mg absorption and urinary Mg excretion which has enabled studies to be made into 
the effects of the quantity of Mg infused into the digestive tract and the site of infusion, on 
apparent Mg absorption. In animals with nonnal Mg status any Mg absorbed in excess to that 
required for body tissues, endogenous loss and milk secretion is excreted in urine. In the present 
trial plasma Mg concentrations never fell below the nonnal range of 18-25mg/l (Grace, 1983a) 
indicating that it is unlikely that these animals experienced Mg deficiency. Urinary Mg excretion 
and plasma Mg concentrations were therefore used as indicators of net Mg absorption. 
Both tenninal ileal and proximal colonic infusions resulted in similar mean increases in plasma 
Mg concentration, 10 mg/l after 6 and 5 hours of infusion, respectively. Rectal infusions 
increased plasma Mg concentrations by 14 mg/l after only 4 hours of infusion. TIle slower rate of 
increase in plasma Mg and lower maximum change with ileal and colonic infusions mirror 
changes observed in urinary Mg excretion. Increases in urinary Mg excretion and plasma Mg 
concentration during infusion of 0.46 g MgIh into the tenninal ileum, proximal colon or rectum 
demonstrated that mechanisms exist throughout the large intestine which facilitate net Mg 
absorption. It was not possible to detennine the most efficient site of net Mg absorption as 
studies of digesta flow and Mg concentration in digesta were not made. 
All infusion sites showed similar increases in urinary Mg excretion with peak excretion occurring 
at the 12 hour sample, two hours after infusion stopped. Urinary Mg excretion for all infusion 
sites accounted for 15-18 % of infused Mg. The rate of increase in urinary Mg excretion was 
most rapid during rectal infusions with a mean increase in urinary Mg excretion of 
36.7 :t 8.8 mg/h from 0 to 6 hours. The increase during colonic and ileal infusion was 
approximately 12 mg MgIh less than this. The faster rise in urinary Mg excretion rate observed 
during rectal infusion may reflect the nature of the digesta in this section of the tract. In sheep the 
rectum essentially acts as a storage site for faeces before excretion. Any solution infused into this 
site is unlikely to mix with and be diluted by digesta. In contrast Mg infused into the tenninal 
ileum and proximal colon will potentially mix with digesta, effectively reducing the Mg 
concentration at the epithelium. Some Mg illfused into sections of the digestive tract anterior to 
the rectum may also become unavailable due to precipitation or chelation as insoluble Mg 
complexes with other minerals (Smith & Hom, 1976) or through adsorption to particulate matter. 
The chances of this occurring in rectal digesta are much lower although there is still the 
possibility of surface adsorption to small particles making up the faecal pellets. 
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Greater absorption was expected from colonic infusions as the formation of faecal pellets in the 
colon of sheep concentrates solute~ in digesta and could potentially facilitate Mg absorption by 
passive transfer (Ben-Ghedalia et al., 1975). As diarrhoea developed during colonic infusions 
water uptake from the colon was obviously impaired and this may have played a part in the lower 
than expected absorption from this site. 
Associated with the faster response rate of urinary Mg excretion to Mg infusion into the rectum 
was a more rapid decline to pre-infusion excretion rates following the removal of the exogenous 
Mg source. This decline in urinary Mg excretion rate may result from faecal excretion soon after 
the removal of the exogenous Mg source. Faecal excretion should remove all the remaining 
exogenous Mg from the digestive tract hence any Mg absorbed would be of dietary origin. With 
ileal and colonic infusions the slower decline in urinary excretion was probably the result of 
retention of digesta, containing infused Mg, in the digestive tract as it travelled through the colon 
and rectum and was voided in the faeces. 
Although the increases observed in plasma Mg concentration in the present experiment were 
highly significant, in terms of the total amount of Mg infused they were quite small, viz. 
62.4-82.8 mg, representing only 1.3-1.8 % of infused Mg. Extracellular fluid (ECF) Mg was 
calculated assuming that plasma Mg was in equilibrium with ECF Mg and that the ECF pool was 
equal to 15 % oflive weight (Storry, 1961b). The increase in ECF Mg represented 10 % of 
urinary Mg suggesting that Mg absorption figures were actually at least 10 % greater than urinary 
Mg excretion indicated. Adding an extra 10 % to the amount of Mg excreted in the urine 
increases apparent net absorption to 17-20 %. If Mg retention within the body occurred then the 
absorption figure would increase further. 
The mean increase in plasma Mg concentration of 2 :t 0.9 mg/l (range 1.2-6 mg/l) within 30 
minutes of starting the infusion into the rectum was similar to that observed by Meyer & Busse 
(1975) and Reynolds et aI. (1984). Reynolds et al. (1984) observed that plasma Mg 
concentrations increased from 21.1 to 28.4 mg/l within 5 minutes of giving a rectal infusion of 
50 ml of a solution of 30 % MgC12' 6H20. The experimental procedure of Reynolds et al. (1984) 
involved administration of a single 50 ml rectal bolus. The rapid increase in available Mg using a 
single injection may explain the higher, viz. 7 vs 2 mg/l, and more rapid, viz. 5 vs 30 minute, 
response in plasma Mg concentration observed by these authors compared with the present trial 
where Mg was infused over a period of 10 hours. Meyer & Busse (1975) also reported a rapid 
increase in plasma Mg concentration following a rectal bolus infusion of a 20 % MgC12 • 6H20 
solution in sheep. 
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Because the quantities of Mg infused during the present experiment were 2-3 times greater than 
those likely to be entering the large intestine in normal circumstances it is unlikely that such a 
large proportion of Mg will be absorbed from the large intestine of grazing ruminants. This 
appears to be the case when Mg absorption·results from the large intestine in the present 
experiment are compared with hind gut Mg absorption results reported in the literature 
(Table 5.6). This experiment has, however, demonstrated that the potential for net Mg absorption 
from the large intestine is high compared to that of the rumen. 
In order to determine the importance of individual sites to Mg absorption within the large 
intestine it would be necessary to set up a balance trial and look at the disappearance of Mg in 
digesta between two sites, using indigestible markers to measure digesta flow. Practically, 
fiowever, the fact that we know Mg absorption occurs from the large intestine is more important 
More research is required to determine the importance of Mg absorption from the large intestine 
in relation to that from the rumen and whether animal management and diet can be used to utilise 
more of the potential for Mg absorption that already exists in the large intestine. 
ARC (1980) presented coefficients of Mg abso~on from the entire digestive tract of between 
0.1 and 0.3. The observation that 17-20 % ofMg infused into the large intestine in the present 
experiment can be absorbed, suggests that Mg absorption from the large intestine may have a 
significant role to play in Mg homeostasis. 
Table 5.6 
Diet/Site of 
infusion • 
~ rass ands Ruanui 
Perenial ryegrass 
Grasslands Manawa 
short rotation 
ryegrass 
Grasslands 4700 
white clover 
Grasslands Huia 
white clover 
Dried Pasture 
Hay 
Site of infusion 
Hewn 
Colon 
Rectwn 
Theflow ojmagnesiwn (g/d) along the digestive tract and the magnitude.ojnet absorption ojmagnesiwnfrom 
. the hind gut in ruminants offered various diets. Literature reports adaptedfrom Grace (1983) plus magnesiwn 
absorption results from the present experiment. 
Mgleaving Mg in faeces/ Net absorption from 
the ileum urine' the large intestine 
1.76 ~ 0.079 1.23 ~ 0.038 0.53 
1.61 ~ 0.068 1.34 ~ 0.038 0.1:1 
1.19 ~ 0.118 1.44 ~ 0.059 0.35 
1.41 ~ 0.022 130 ~ 0.055 0.11 
1.17 ~ 0.090 1.04 ~ 0.020 0.13 
1.28 0.97 031 
4.6 0.78 0.78 
4.6 0.71 0.71 
4.6 0.82 0.82 
SourCe 
Grace ~ aI., 1974 
Grace et aI., 1974 
Grace et aI., 1974 
Grace & Body, 1979 
Grace & MacRae. 1972 
Pfeffer et ai., 1970 
present trial 
present trial 
present trial 
• diet refers to the literature data and site of infusion to present experiment results where all animal were consuming a pelleted concentrate diet supplemented 
with lucerne hay. 
/I literature reports determined the quantity of Mg absorbed from the large intestine by the difference between ileal Mg flow and faecal Mg OUlpuL Daily urinary 
Mg excretion was used as an indicator of absorption in the presentlrial in the absence of digesta flow data. ~ 
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CHAPTER 6 
Effect of ill vitro manipulation of digesta pH on magnesium solubility 
6.1 Introduction 
Smith & Hom (1976) observed, in vitro, changes in Mg ultrafilterability in rumen digesta 
following manipulation of the pH with sodium hydroxide and sulphuric acid solutions. A rapid 
fall in Mg ultrafilterability was observed when the pH rose above 6.5-7.0. Hom & Smith (1978) 
reported that increasing rumen pH in cattle had a significant negative effect on the efficiency of 
Mg absorption between the mouth and the duodenum. Using sheep offered a range of diets, 
Johnson & Aubrey-Jones (1989) also demonstrated a very close relationship between rumen fluid 
pH and the Mg concentration in ultracentrifuged rumen fluid, such that above pH 6~5 there was a 
rapid fall in soluble Mg concentration. 1be consequences of these pH changes in terms of animal 
susceptibility to hypomagnesaemia are critical, as any factor which decreases Mg availability has 
the potential to reduce Mg absorption and cause hypomagnesaemia. 
With increasing interest in the role of the large intestine in Mg absorption in ruminants 
(Ben-Ghedalia et aI., 1975; Dalley & Sykes, 1989; Meyer & Busse, 1975; Tomas & Potter, 
1976b) there is a need for further information on the actual sites and mechanisms involved. 
Dalley & Sykes (1989) speculated that a passive transport mechanism is involved in Mg 
absorption from this region, though an active transport mechanism cannot at this stage be 
discounted. If caecal Mg solubility is a function of pH then this may limit the caecum as a 
potential site of absorption. Williams (1965) reported caecal pH values of 6.0-8.4, with an 
average of 7.0, from animals offered a variety of diets. If the pH-solubility response in hindgut 
digesta is similar to that observed by Smith & Hom (1976) in rumen digesta, then at pH 7 only 
about 20-30 % of total Mg would be available for absorption. If Mg absorption from the caecum 
occurs passively then such a low Mg solubility militates against this being an important site. 
The current trial was designed to repeat the work. of Smith & Hom (1976) with rumen fluid and to 
simultaneously generate Mg solubility-pH response curves for caecal digesta. Since rumen pH is 
diet sensitive the response was determined in digesta collected from animals consuming three 
different feed types. 
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6.2 Materials and methods 
6.2.1 Animals 
Eight female sheep were allocated to one of three diets - chaffed lucerne hay, pelleted concentrate 
or spring grown ryegrasslwhite clover pasture. 1bree animals were allocated, indoors, to both 
concentrate and hay diets and 2 grazed pasture due to the limitations on animal numbers. 
Previous experience led to the expectation of relatively little variation in rumen dry matter (OM) 
content between animals grazing pasture compared to those offered concentrates or lucerne hay. 
The animals were offered their respective diets ad libitum for at least 1 week prior to the 
beginning of the experiment. Animals had access to fresh water at all times. 
6.2.2 Digesta sample collection 
Individual animals were anaesthetised with 12-16 ml pentobarbitone sodium, 6Omg/ml, 
(Nembutal, Techvet Laboratories Ltd, N.Z.) given to effect by slow intravenous injection. Once 
anaesthetised the animal was positioned on its left side and a 20 em incision made into the lower 
right abdominal area approximately 10 em anterior to the udder and 10 em dorsal to the 
abdominal midline. The incision was made through the skin, muscle layers and peritoneum. The 
caecum was located and exteriorised through the abdominal incision. A 3 em incision was made 
into the blind sac of the caecum taking care to avoid any major blood vessels in the area. The 
entire caecal and proximal colonic digesta was removed through this incision and collected in a 
plastic container which was then sealed. Care was taken to avoid blood contamination of the 
sample during collection. 
The animal then received a second anaesthetic injection. this time 8 ml of sodium pentobarbitone, 
500 mg/ml (Pentobarb 500, Chemstock Animal Health Ltd, N.Z.) used to effect euthanasia. 
Following death the abdominal incision was extended in an anterior direction and the rumen 
located. A 5 em incision was made into the rumen and the entire contents removed into a plastic 
bag from which the air was immediately excluded. The rumen and caecal contents were 
transferred to the laboratory within 10 min of collection. The pH was detennined (Jenway model 
3070 portable meter, Jenway, UK; Radiometer GK2711 combined pH electrode, Radiometer Ltd, 
Copenhagen, Denmark) and the digesta gased with a stream of 10 % carbon dioxide: 90 % 
nitrogen mixture for 1 min (10% CO2 : 90% N2; New Zealand Industrial Gas Ltd, Christchurch, 
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N.Z.). sealed and placed in a water bath at 39 • C. A stream of the same gaswas periodically run 
through the samples to maintain anaerobic conditions. 
6.2.3 pH adjusbnent 
6.2.3.1 Rumen digesta 
50 g subsamples of unstrained rumen digesta were added to a series of plastic containers and 
2.5 ml of one of the reagents from the following range added: 4M sulphuric acid (H2S0J. 3M 
H~04' 2M H2S04, 1.5M H~04' 1M H2S04, 0.5M H~04' 0.25M H~04' O.IM H2S04, water 
(H20). 0.5M sodium hydroxide (NaOH). 0.75M NaOH, 1M NaOH, 1.25M NaOH. 1.5M NaOH, 
1.75M NaOH. 2M NaOH. 3M NaOH & 4M NaOH. Samples were then thoroughly mixed and 
placed in a 7 em deep plastic tray to which was added water at 39 • C to a depth of approximately 
1.5 cm. The tray was placed in a plastic bag and the air displaced by gasing with the 
10% CO2: 90% N2 mixture. The opening was sealed and a second bag placed over the first and 
treated in the same way to ensure anaerobic conditions prevailed. Samples were incubated in an 
oven (Qualtex Universal Series 2000) at 39 • C for 1 h. 
Following incubation the pH of each sample was determined. the samples transferred to 20 ml 
high speed centrifuge tubes and centrifuged (Sorvall RC-5 Superspeed Refridgerated Centrifuge) 
at 30 000 g for 30 min. Supernatant was collected and stored at -20 • C until analysed for Mg. 
The technique was repeated using a duplicate set of digesta samples. 
6.2.3.2 Caecal digesta 
The caecal digesta was treated in a similar manner as the rumen digesta. However. only 25 g of 
sample was used and correspondingly only 1.25 ml of the appropriate acid. water or alkali added. 
6.2.4 Digesta dry matter determination 
Subsamples of whole digesta from both rumen and caecal samples were accurately weighed into 
vials and dried to constant weight at 95 • C in a drying oven (Contherm oven). The dry weight 
was recorded and the percentage OM calculated. These samples were subsequently used for 
whole digesta total Mg analysis. 
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6.2.5 Magnesium analysis of digesta 
Oven dried rumen and caecal samples were wet ashed by the method of Thompson & 
Blanchflower (1971) and reconstituted with 20 mI 5 % HCl. Reconstituted whole digesta samples 
were diluted 1:50 and caecal samples 1:150 with a 0.1 % strontium chloride (SrCI:z) solution in 
0.1 M HCl. Rumen supernatant was diluted 1:400 and caecal supernatant 1:625 with the same 
diluent Magnesium concentration (mg/100mI) was determined using an atomic absorption 
spectrophotometer (perldn-Elmer 5100 pc). Results were corrected for differences in DM of the 
fresh sample. 
6.2.6 Calculation of magnesium solubility in rumen and caecal digesta 
Determination of the proportion of total Mg present in the 30 000 g supernatant fraction was 
calculated as outlined in Appendix I, section 1.4. 
6.2.7 Statistical analysis 
Maximum likelihood program (MLP: Ross, 1980) was used to generate a line of best fit to the Mg 
solubility-pH curves for each diet at both digesta collection sites. The equation for the fitted 
model is presented in Tables 6.2 and 6.4~ The estimated Mg solubility (Y) value from the 
prediction was plotted against pH on the Mg solubility-pH curves and a spline curve fitted (SAS, 
1990b). 
6.3 Results 
6.3.1 Initial pH of digesta 
Initial pH values of rumen and caecal digesta did not differ between diets (Table 6.1). 
Table 6.1 
Diet 
Grass 
Concentrate 
Hay 
Grand Mean 
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Initial pH values o/rumen and caecal digesta collectedfrom animals offered 
either hay, concentrate or grass diets. 
Rumen pH 
mean 
(s.e.m.) 
6.62 
(0.075) 
6.61 
(0.051) 
6.68 
(0.283) 
6.64 
(0.188) 
Caecal pH 
mean 
(s.e.m.) 
6.84 
(0.065) 
6.77 
(0.115) 
6.84 
(0.330) 
6.81 
(0.033) 
The variation in caecal pH between animals was less than that for rumen digesta. Caecal digesta 
tended to have a higher pH than rumen digesta. However, this difference was not significant 
(0.4 >p> 0.2). 
6.3.2 Post incubation pH of digesta 
Manipulation of rumen and caecal digesta in vitro using NaOH and H2S04 solutions resulted in 
pH values ranging from 0.5 following 4M H2S04 treatment to pH 12 after 4M NaOH treatment. 
The resulting pH of caecal digesta following an individual acid, water or alkali addition did not 
vary between animals. With rumen digesta the individual animal response to the same acid or 
alkali treatment was more variable. 
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6.3.3 Relationship between magnesium solubility and pH in rumen digesta 
Mg solubility in the 30000 g su~atant fraction was a function of pH (Figures 6.1-6.3 ; 
Appendix 6). The Mg solubility response to pH differed between diets as demonstrated by the 
equations of the CUlVes fitted using the Maximum Likelihood Program (MLP: Ross. 1980) 
(Table 6.2). 
Table 6.2 
Diet 
Grass 
Coefficients from equations used to fit curves to the magnesium solubility-pH 
reJationship in rumen digesta generated by in vitro manipulation o/pH in 
digesta collectedfrom sheep offered a range 0/ diets. 
" Equation BY = N«1 + (XID)**B» + C (Thomley. 1976). 
A 
1.06 
(0.048) 
Coefficient 
(standard error of coefficient) 
B C 
6.11 -0.01 
(0.753) (0.035) 
D 
6.04 
(0.121) 
Concentrate 0.88 13.29 0.03 6.13 
(0.025) (1.468) (0.018) (0.053) 
Hay 1.00 7.55 0.02 6.15 
(0.041) (0.964) (0.031) (0.053) 
# where BY = estimated Mg solubility 
X=pH 
A = upper Y asymptote 
B = "steepness" parameter 
C = lower Y asymptote 
D = mid point of pH between the upper and lower asymptotes 
ULTRA_MG 
1.2 
1.0 
0. 8 
0. 6 
0.4 i 
0.2 i 
0.0 . 
Figure 6.1 Effect of pH on the proportion of magnesium (Ultra_Mg) in the 30 000 g supernatant fraction of rumen 
digesta collected from sheep offered a hay diet. An in vitro study. 
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Mg solubility values estimated from the fitted equations at pH 5,6,7 and 8 are presented in 
Table 6.3. 
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Table 6.3 Proportion of total magnesium present in the 30 000 g supernatant fraction of 
rumen digesta as estimatedfrom the maximum likelihood prediction equation at 
pH 5,6, landB. 
Mg solubility (proportion of total Mg) 
Diet ~5 ~6 ~7 ~8 
grass 
concentrate 
hay 
0.80 
0.86 
0.86 
0.52 
0.53 
0.56 
0.30 
0.27 
0.29 
0.15 
0.08 
0.15 
The main difference between diets was a lower maximum solubility value between pH 1 and 4 
(Figures 6.1-6.3) for the concentrate diet The decline in solubility began at a lower pH with the 
grass diet so that at pH 5 Mg solubility was 6 percentage units less than with digesta from hay and 
concentrate diets. The rate of decline was similar for grass and hay diets, B values from MLP 
equations of 6.11 and 7.55, respectively (Table 6.2; Figure 6.4), while the decline on the 
concentrate diet occurred at almost twice the rate, B value of 13.29 (Table 6.3; Figure 6.4). By 
pH 8 Mg solubility in the concentrate diet was 7 percentage units less than in the grass and hay 
diets (Table 6.3). 
6.3.4 Relationship between magnesium solubility and pH in caecal digesta 
As with rumen digesta, Mg solubility in caecal digesta was a function of pH (Figures 6.5-6.7 ; 
Appendix 6). There was, however, a greater difference between diets in both the maximum Mg 
solubility achieved and the response to pH. Table 6.4 presents the coefficients of the equation for 
the curves fitted using MLP. 
Table 6.4 
Diet 
Grass 
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Coefficients from equations used toftt curves to the magnesium solubility-pH 
relationship in caecal digesta generated by in vitro manipulation of pH in 
digesta collectedfrom sheep offered a range of diets 
• Equation EY = A/«(1 + (XID)"''''B» + C Thomley (1976) 
A 
0.77 
(0.049) 
Coefficient 
(standard error of coefficient) 
B C 
8.89 0.10 
(1.490) (0.039) 
D 
6.58 
(0.114) 
Concentrate 1.26 4.32 -0.28 8.63 
(0.145) (0.446) 
Hay 0.72 5.34 
(0.055) (0.611) 
# where EY = estimated Mg solubility 
X=pH 
A = upper Y asymptote 
B = "steepness" parameter 
C = lower Y asymptote 
(0.139) (0.465) 
0.28 7.07 
(0.050) (0.214) 
D = mid point of pH between the upper and lower asymptotes 
The difference between diets in caecal Mg solubility, estimated from the equations in Table 6.4, 
at a corresponding pH was greater than in rumen digesta (compare Tables 6.5 & 6.3). 
Table 6.5 
Diet 
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Proportion of total magnesium present in the 30 000 g supernatant fraction of 
caecal digesta as estimated/rom the maximum likelihood prediction equation 
at pH 5, 6, 7 and 8. 
Mg solubility (proportion of total Mg) 
~5 ~6 ~7 ~8 
grass 
concentrate 
0.80 
0.88 
0.90 
0.63 
0.76 
0.78 
0.36 
0.62 
0.64 
0.22 
0.45 
0.52 hay 
Mg solubility in caecal digesta from animals grazing pasture was the lowest of the 3 diets at pH 5 
and proceeded to decline at the fastest rate so that by pH 8 the soluble proportion was less than 
Half that observed in digesta from animals on concentrate and hay diets (Table 6.5 & Figure 6.8). 
Digesta from hay fed animals had the highest Mg SOlubility at pH 5 and this was maintained 
through to pH 8 at which point 52 % of total Mg was still in the soluble or absorbable fraction. 
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6.4 Discussion 
The in vitro response of Mg solubility in rumen fluid to pH observed in the present experiment is 
in close agreement with results of Smith & Hom (1976). At low pH Mg solubility is high as a 
large proportion of Mg is present in the ionic fonn (Field, 1983). As digesta pH increases Mg 
solubility declines. The decline could be attributed to precipitation of magnesium ammonium 
phosphate, mixed magnesium calcium phosphates or both (Smith & Hom, 1976; Smith & 
McAllan, 1966). The critical pH range for this decline in the present experiment varied with diet, 
ranging from pH 4.5 for herbage to pH 6 for hay and concentrates. In contrast to this Smith & 
Hom (1976) did not observe the rapid decline in Mg solubility until pH 6.5 to 7.0. Why the 
decline in solubility was initiated at a lower pH in the present trial is difficult to explain but it 
may have been a result of the slightly modified techniques used in the present study. The results 
of the present trial have serious implications for Mg availability in the rumen over the pH range 
likely to be seen during pasture grazing. 
An interesting finding in this work. was the large dietary induced difference in response of Mg 
solubility to change in caecal digesta pH. Similar Mg solubility values in caecal digesta amongst 
diets were observed at pH 5. However, by pH 7 Mg solubility in digesta from grazing animals 
had declined to 36 %, almost half of that observed with the other two diets (Table 6.5). If caecal 
pH in cattle behaves similarly to that in sheep this is an important observation as the majority of 
the nation's dairy herds graze pasture. In animals grazing lush spring pasture Mg absorption from 
the reticulo-rumen is likely to be impaired as a result of a high rumen K concentration, low Na:K 
ratio (Tomas & Potter, 1976a; Wylie et aI., 1985) and high rumen ammonia (NH4 +) 
concentrations (Care et aI., 1984). Under these conditions it is likely that Mg absorption from the 
rumen will be impaired and Mg absorption from the large intestine will become important in 
maintaining Mg homeostasis (Chapter 4). Lower Mg solubility in caecal digesta of grazing 
animals may limit the chances of sustained compensatory absorption of Mg from the large 
intestine. Impaired Mg uptake from both the rumen and large intestine could, therefore, be one 
factor involved in the high incidence of hypomagnesaemia in dairy cattle grazing lush spring 
pasture. 
It is common practice for dairy farmers to supplement cattle with hay during periods of 
hypomagnesaemia. Although hay is often used as a carrier for magnesium oxide supplementation 
it is possible that the benefits are two-fold as when used alone hay may also enhance Mg 
solubility, especially in the large intestine. In the present trial 64 % of Mg in digesta collected 
from animals offered hay was soluble at pH 6.8, viz. caecal digesta pH (Table 6.1), compared 
with only 36 % at the corresponding pH for heIbage. 
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The difference in Mg solubility between diets cannot be explained in tenns of pH. Some other 
factor must therefore be involved. The physical nature of the diet and its influence on digestion 
and mineral release are two potential factors. 
The present experiment demonstrated a similar response of Mg solubility in rumen digesta to pH 
between diets and although the trends were the same, the critical pH for solubility decline differed 
from that of Smith & Hom (1976), viz. pH 6.5-7 with Smith & Hom (1976) compared with 4.5-6 
in the present experiment. Diet, individual animal and species are potential sources of fue . 
difference between results of the present trial and those of Smith & Hom (1976). 
Several problems were encountered during the present experiment, particularly in the calculation 
of Mg solubility. It was not possible to detennine the dry matter (DM) content or total Mg 
concentration of each subsample to which the acid or'alkali solutions were added. Therefore 
mean digesta OM values and whole digesta Mg concentrations for each animal were used. The 
semi-liquid nature of rumen digesta made it difficult to ensure a completely representative 
subs ample was weighed for pH adjustment As a consequence, during solubility calculations it 
was not uncommon to calculate Mg solubilities greater than 100 % in samples adjusted to very 
low pH values. The error associated with using mean OM and total Mg concentrations is in the 
range of 5-10 %. Straining rumen digesta through gauze to generate a more reproducible sample 
was a possibility to overcome the poor duplication of OM and whole digesta Mg concentration 
between samples, however, this was likely to produce other larger errors as the strained sample 
may not have contained components in the same relative proportions as the total contents. The 
more uniform nature and higher OM content of caecal digesta reduced the error associated with 
poor subsample duplication. 
The differences in response of Mg solubility to pH change observed between diets and sites 
within the digestive tract in the present experiment are difficult to explain. Further worle is 
required in this area to study the association of Mg to digesta particles of different sizes, and to 
determine the nature of the Mg complexes fonned as Mg travels down the digestive tract. Much 
of this could be detennined by differential centrifugation. 
The literature lacks infonnation on the sensitivity of Mg solubility to pH in vivo making it 
difficult to apply results of the present trial to the practical situation. However, documented 
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evidence exists for variation in caecal fennentation with different diets (KarT et al., 1966; MacRae 
& Annstrong, 1969; Orskov et al., 1971) and also for dietary changes in caecal pH (Williams, 
1965). Research is required to detennine the effects of these changes on Mg absorption from the 
large intestine. 
This experiment has demonstrated a difference in Mg solubility response to pH in vitro between 
rumen and caecal digesta (Tables 6.3 & 6.5). The lower Mg solubility in rumen and caecal 
digesta collected from grazing animals compared to those offered hay and concentrates suggests 
that Mg availability in both the rumen and the caecum may be one factor important in the 
aetiology of hypomagnesaemia in grazing ruminants. 
CHAPTER 7 
Effect of in vivo manipulation of digesta pH on magnesium solubility and apparent 
magnesium absorption 
7.1 Introduction 
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Production of volatile fatty acids (VFA's) in the caecum as a result of carbohydrate fermentation, 
and the large scale absorption of water from the caecum and colon, result in conditions within the 
large intestine that may be conducive for Mg absorption. Volatile fatty acid production could 
potentially decrease the pH of caecal digesta and thus increase Mg solubility. Because the 
amount of undigested carbohydrate arriving at the caecum differs between diets (KalT et al., 1966; 
MacRae & Armstrong, 1969; Orskov et al., 1971) it is possible that variation in carbohydrate 
fermentation and therefore caecal pH is one mechanism by which diet plays a role in Mg 
absorption. Absorption in the large intestine has been considered to occur by a passive transpon 
mechanism (Dalley & Sykes, 1989), however an active transport system cannot be discounted 
(Field & Munro, 1977). 
In the previous trial (Chapter 6) the woric of Smith & Hom (1976) was repeated using both rumen 
and caecal digesta collected from sheep offered three feed types. The results presented in Chapter 
6 demonstrated that Mg solubility in caecal digesta is responsive to pH and that changes in pH of 
one pH unit could be associated with changes in Mg solubility of between 10 and 30 %. This 
change in Mg solubility may be important in Mg homeostasis, particularly during 
hypomagnesaemia. 
The experiment described here was to test this hypothesis, in vivo, by manipulating caecal pH by 
infusing increasing concentrations of a VF A solution into the terminal ileum. Urinary Mg 
excretion and plasma Mg concentration were used as indicators of net Mg absorption from the 
entire large intestine. 
I 
I 
i· 
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7.2 Materials and methods 
7.2.1 Animals 
Six 2-year-old female sheep fitted with cannulae in the terminal ileum and proximal colon from 
experiment 2 (Chapter 5) were selected, removed from pasture and drenched with Ivomectin 
1 % w/v (lvomec, Merck, Sharpe and Dohme Ltd, N.Z.; 1 mg/3 kg live weight). Animals were 
housed indoors in separate pens and gradually introduced to a pelleted diet (Pro Pel Feeds Ltd, 
Christchurch, N.Z.; standard ration) during a 2 week period (section 3.4). Once a maintenance 
level of intake was achieved the animals were reintroduced to metabolism crates. 
7.2.2 Feeding 
Animals were offered a pelleted concentrate diet at a rate of 800 g/d and were supplemented with 
100 g chaffed lucerne hay. Feed was delivered at 2 h intervals from continuous feeders. 
Animals were allowed free access to fresh tap water. 
Feed offered and refusals were recorded and subsampled daily. 
7.2.3 Volatile fatty acid infusion procedure 
Following the 2 week adjustment to the metabolism crates animals were randomly allocated 
within a latin square to one of 5 VFA infusion treatments. The treatments were chosen after 
calculations were carried out to estimate the 'normal' production of VF A's by the caecum of 
sheep consuming a concentrate diet These calculations were based on work by Faichney (1968, 
1969) who determined caecal VFA production and the ratio of the individual acids involved. 
Details of these calculations are given in Appendix 7. 
The five treatments were, nominally, water (0),220,440,660 and 880 mmol of VFA per day. 
The VFA solutions contained acetic, propionic and butyric acids (analytical grade reagent, BDH 
Chemicals Ltd, Poole, England) in a ratio of 0.8: 0.15: 0.05, respectively. The 5 treatments were 
continuously infused into the terminal ileum in 2016 m1 of distilled water. 
For the week prior to the infusion daily urine samples were collected. Collection and separation 
of urine and faeces was achieved by means of a sloping nylon mesh grid in a chute beneath each 
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metabolism crate (plate 7). Urine was acidified to pH 2-3 with concentrated analytical grade 
acetic acid (BDH Chemicals Ltd, Poole, England) and a subsample stored at -20 • C for analysis. 
A sample of colonic digesta was collected on the day prior to the commencement of the infusion. 
The sampling procedure involved removing the plug from the proximal colonic cannula and 
allowing the digesta to flow out into a plastic collection bag secured to the protruding end of the 
cannula. Approximately 2 h were required to collect sufficient digesta (15-20 g) for pH 
detennination and Mg analysis. In some instances a spatula was used to scrape the digesta from 
the barrel of the cann\lla where a high dry matter (DM) content resulted in a slow flow. The pH 
was detennined (Jenway model 3070 portable meter, Jenway, UK ; Radiometer GK2711 
combined pH electrode, Radiometer, Copenhagen, Denmadc) immediately after sample removal. 
Blood samples were collected daily into heparinised blood tubes (125 USP units sodium heparin) 
by jugular venepuncture on each of the four days prior to infusion. The tubes were centrifuged at 
1000 g for 20 min and the plasma stored at -20 • C for analysis. 
On the morning of the infusion urine and blood samples were collected, after which bladder 
catheters were inserted into the animals, using the methods described in section 3.5, to enable 
urine collection at 4 h intervals. Animals were returned to their crates and the infusion line run 
through a groove down the side of the bung blOCking the ileal cannula. VF A infusion 
commenced at 08.30 h and a constant flow maintained by a multichannel peristaltic pump 
(CPP30, ChemLab, England). The volume of urine collected was measured at 4 h intervals and a 
subsample acidified to pH 2-3 with glacial acetic acid and stored for subsequent analysis. Blood 
samples were collected at 4 h intervals by jugular venepuncture and the plasma stored for 
analysis. 
During VFA infusions colonic digesta samples were collected, as described, at 4, 16 and 24 h 
after the start of infusion. By 16 h sufficient digesta (15-20 g) was collected within 15 min of 
removing the bung as a result of the infusion of water and VF A. 
After 24 h of infusion the pump was stopped and the infusion line removed from the ileal cannula. 
Blood and urine samples were collected at this time and then at 6 h intervals for 12 h and 12 h 
intervals for 24 h. A colonic digesta sample was collected 4 h after the infusion stopped and then 
again 4 d later. 
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Bladder catheters were removed 12 h after cessation of infusion and animals given a subcutaneous 
injection of antibiotic (penstrep LA, 150 mg procaine penicillin and 141.5 mg benethamine 
penicillin /mI, Pitman Moore Ltd, N.Z.) as a precaution against urinary tract infection. 
A 7 d period was allowed following collection of the final colonic digesta sample before the 
animals were reallocated to their treatment and the procedure repeated. During this period they 
were offered the basal diet at maintenance levels. Following every second run all animals were 
removed from the metabolism crates to individual pens for three days. 
7.2.4 Laboratory analysis 
7.2.4.1 Routine chemical analysis 
Feeds, urine, plasma and colonic digesta were analysed for Mg using the methods described in 
section 3.7. 
7.2.4.2 Colonic digesta samples 
Following colonic digesta collection the pH was determined and samples stored at -20 • C for 
analysis. 
To detennine Mg solubility approximately 10 g of colonic digesta was weighed into a centrifuge 
tube to which was added 10 ml of a phosphate buffer (Sorensen phosphate buffer) of the same pH 
as the fresh colonic sample. In a preliminary experiment it was established that freezing altered 
pH and, as Mg solubility is related to pH in caecal digesta (Chapter 6), it was decided to adjust 
the samples back to their original pH before centrifugation to avoid any changes in Mg solubility 
as a result of the pH change that occurred during freezing. The sample and phosphate buffer were 
mixed for 30 sec (Sorvall omni-mixer, Ian Sorvall Inc, Connecticut, USA) and the pH 
determined. Following 30 min centrifugation at 30 000 g the supernatant was collected and 
stored in 2 mI auto-analyser cups at -20 • C. Prior to analysis for Mg, supernatant and 
reconstituted acid-digested whole digesta samples were diluted with 2000 ppm strontium in 0.1 M 
HCl (as strontium,chloride, SrCl,). 
Knowledge of theDM content (%) of the original sample and the Mg concentration of both 
supernatant and whole digesta fractions allowed for calculation of the percentage of total Mg 
present in the supernatant fraction, using the steps outlined in Appendix 1 (section 1.4). It was 
121 
assumed that Mg in this 30 000 g fraction was in the soluble Mg2+ state and therefore represented 
Mg available for absorption, as is the case in rumen liquor (Grace et aI., 1988). 
7.2.5 Statistical analysis 
Urinary Mg excretion, Mg solubility, digesta pH and plasma Mg concentrations were analysed for 
main effects using the general linear model (GLM) procedure in SAS (Statistical Analysis 
Systems, 1990a). The Tabulate procedure in SAS was used to generate tables of means and the 
associated standard errors (s.e.m.) for all measurements. Minitab (1989) was used to determine 
the correlation coefficients between the variables. 
7.3 Results 
7.3.1 Animal health 
Just prior to run 2 sheep 1 lacerated her nose on the lacing wire used to hold the continuous feeder 
in place. Despite immediate veterinary attention and administration of antibiotic (penstrep LA, 
150 mg procaine penicillin and 141.5 mg benethamine penicillin /mI, Pitman Moore Ltd, N.Z.) 
she gradually refused increasing amounts of feed and was removed from the trial after run 2. 
Sheep 6 was used in subsequent runs so that all 5 treatments were repeated on 5 different animals. 
Although precautions were taken during bladder catheterisation to avoid urinary tract infections 
several animals still developed minor infections. These animals received a second 5 ml, 
subcutaneous, injection of antibiotic (Penstrep LA, 150 mg procaine penicillin and 141.5 mg 
benethamine penicillin /mI, Pitman Moore Ltd, N.Z.) 3 d after the catheter was removed. 
7.3.2 Feed analysis 
Consumption of 800 g pelleted concentrate and 100 g chaffed lucerne hay each day provided 
1.87,6.46 and 4.3 g of Mg, K and Na, respectively. Mean digestibility of DM was 0.72. 
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7.3.3 Feed intake 
Following adjustment to the concentrate diet all sheep except 1 and 5 consumed their entire 
allocated daily ration during the non infusion periods. Sheep 5 had an erratic intake during the 
40 d period over which runs 1, 2 and 3 were carried out However, during runs 4 and 5 her intake 
followed trends similar to those in the other animals. All animals suffered some degree of intake 
depression on the day of the VFA infusion and for 2-10 d thereafter for any individual animal, the 
severity of which was dependent on the animal and the treatment received (Table 7.1). The 
largest depression in ~take was observed following the 880 mmol treatment, with the animals 
requiring, on average, 7 d to return to nonnal intake. 
Table 7.1 Mean (± s.e.m.) change in/eed intake (% 0/ normal intake) as a result 0/ 
volatile/atty acid infusion into the terminal ileum and recovery time (days)/or 
intake to return to pre-treatment levels. 
Treatment 
water 
220 
440 
660 
880 
Mean decrease'in 
feed intake (%) 
(mean (s.e.m.» 
1.4 (1.40) 
22.2 (1.44) 
41.0 (4.99) 
77.6 (1.94) 
87.2 (4.67) 
Recovery time 
(days) 
(mean (s.e.m.» 
1.2 (0.97) 
2.3 (1.14) 
2.2 (0.49) 
5.0 (1.52) 
6.4 (1.03) 
Two animals showed no intake depression following water infusion, while the other 3 suffered a 
slight decrease. Nonnal intake was restored in all animals within 2 d. The magnitude of the 
depression and the period required for recovery increased as the VF A concentration of the 
infusate increased. 
7.3.4 Volatile fatty acid infusion rates 
The amount of VFA infused was found to be lower than expected due to slower than calculated 
delivery rates from the peristaltic pump. Mean delivery was 1936 ± 11.35 ml, 80 mIs less than 
that sought (Table 7.2). 
Table 7.2 
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Mean (:t s.e.m.) amount a/volatile/any acid delivered (mmol) and the 
associated proportion 0/ digestible energy intake received dW'ing the 24 hoW' 
infusion into the terminal ileum. 
Treatment 
water 
220 
440 
660 
880 
Actual amount of VFA 
delivered (nunol) 
0 
209 :t 2.23 
424 :t 5.47 
634 :t 10.97 
844 :t 11.97 
% of digestible 
energy intake· 
0 
2.5 
5.1 
7.6 
10.2 
• Digestible energy intake was estimated from results of Faichney (1968) who detennined that the 
production of 440 mmol of VF A in the caecum of sheep equated to 5.3 % of digestible energy intake. 
7.3.5 Colonic digesta pH 
The volatile fatty acid infusion into the tenninal ileum was successful in decreasing the pH of 
proximal colonic digesta. There was considerable between animal variation in pre-infusion 
digesta pH. The pre-infusion pH ranged from 6.52 to 8.48 with a mean (s.e.m.) of7.32 (0.098). 
Because of this variation between animals the effect ofVFA treatment on pH is expressed as the 
difference between the pH recorded in digesta collected 1 d prior to infusion and that recorded in 
each animal at each sampling time during the infusion. A negative difference represents a decline 
in pH. 
There was a significant effect of VFA treatment (p <0.001 ; Figure 7.1) and time (p <0.001 ; 
Figure 7.1) on the pH change in colonic digesta Water infusion did not significantly change 
colonic digesta pH, but there was a slight increase (0.11 :t 0.22 pH units) after 16 h of infusioIL 
All the VFA treatments decreased the pH of colonic digesta with the largest depression, 
-2.12 :t 0.481 pH units, being observed following 16 h of infusion during the 880 mmol VFA 
treatment. For all VF A treatments the largest change in pH was observed after 16 h of infusion 
(Figure 7.1). Four hours after stopping the infusion proximal colonic pH values were within 
0.5 pH units of the pre-infusion value for all treatments. 
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There was a significant negative correlation (r = -0.988) between VF A treabnent and the 
subsequent mean change in colonic pH after 16 h of VF A infusion (Figure 7.2). 
7.3.6 Magnesium solubility in proximal colonic digesta 
Magnesium analysis of whole colonic digesta samples revealed no change in concentration with 
time or VFA treatment. The overall mean concentration was 463.5 :i: 3.33 mg Mg/l00g DM. 
Prior to VFA infusion the mean Mg solubility in colonic digesta was 21 :i: 3 %. Mean magnesium 
solubility values and their corresponding pH measurements for all samples collected are presented 
in Figure 7.3. In Figure 7.3 no account has been taken of the animal number or the time of 
sample collection. 
Mg solubility increased during the first 16 h of infusion for all treatments (Figure 7.4). Between 
16 and 24 h there was a small decline in solubility with the 0, 220 and 440 mmol treatments while 
values in animals treated with 660 and 880 mmol VFA remained constant The highest mean Mg 
solubility in proximal colonic digesta was 52 :i: 1 % achieved after 16 h of 880 mmol VFA 
infusion. Solubility values for all treatments after 16 h are presented in Table 7.3. Four hours 
after the infusion ceased Mg solubility had returned to the pre-infusion level 
Table 7.3 
Treannent 
Mean (:i: s.em.) magnesium solubility (%) in colonic digesta, the mean (:i: 
s.e.m.) increase in solubility, and the pH change after 16 hours o/volatile/atty 
acid infusion into the terminal ileum. 
Mg solubility increase in pH change 
Mg solubility 
(% (s.e.m.» (% units) (mean (s.e.m.» 
pre-infusion 20.9 (2.56) 
water 29.2 (4.32) 8.3 0.11 (0.219) 
220 34.1 (4.77) 13.2 -0.24 (0.110) . 
440 41.0 (4.33) 20.1 -0.70 (0.144) 
660 43.3 (4.26) 22.4 -1.57 (0.271) 
880 52.0 (1.24) 31.1 -2.12 (0.482) 
125 
7.3.7 Relationship between change in pH and magnesium solubility in proximal colonic digesta 
There was a strong negative correlation (r = -0.968) between the mean change in pH after 16 h of 
infusion and Mg solubility (Figure 7.5). 
An interesting point to note from figures 7.2 and 7.5 is that despite there being no significant 
change in the pH of proximal colonic digesta following 16 h of water infusion (Figure 7.2) there 
was an 8 percentage unit increase in Mg solubility (Figure 7.5 & Figure 7.3). 
7.3.8 Urinary magnesium excretion 
With all treaUDents there was an increase in urinary Mg excretion (mg Mg/h) during the first 4 h 
of infusion (Table 7.4). This increase was not sustained such that after 24 h of infusion urinary 
Mg excretion had declined to pre-infusion levels for the water, 220 and 440 mmol treaUDents and 
to below pre-infusion levels with the 660 and 880 mmol infusions (Figure 7.6). Total urine 
volume increased by approximately 490 mI, compared to pre-infusion periods, during the 24 hour 
infusion in all animals following the infusion of 1940 m1 of fluid. 
Table 7.4 
Treatment 
water 
220 
440 
660 
880 
Mean (:t s.em.) urinary magnesium excretion (mglh) before and during the 
initialfour hours of volatile fatty acid infusion into the terminal ileum, the 
difference between the two time periods and the effect of volatile fatty acid 
infusion minus the influence of water (mglh). 
o hours 
18.5 (2.94) 
16.7 (4.45) 
15.6 (1.86) 
18.8 (3.94) 
12.0 (2.65) 
Urinary Mg excretion 
mean (s.e.m.) 
4 hours 
23.4 (5.84) 
45.3 (6.60) 
36.9 (4.26) 
33.9 (5.21) 
24.5 (2.32) 
Difference 
between 0 
and 4 hours 
4.9 
28.6 
21.3 
15.1 
12.8 
Effect of 
VFA less 
water 
21.9 (9.16) 
13.5 (9.76) 
5.2 (7.05) 
-0.8 (6.46) 
When urinary excretion rates of each individual animal at each time period during the water 
infusion are subtracted from colTesponding sampling times during YFA infusions the resultant 
treatment means show a 21.9 :t 9.16 mg MgIh increase in urinary Mg excretion after 4 h of 
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220 mmol infusion. The magnitude of this change declined as YFA concentration increased such 
that with 880 mmol infusions urinary Mg excretion rate was -0.8 :t 6.46 mg Mg/h less than that 
for water at the 4 h sample (Table 7.4). 
7.3.9 Plasma magnesium 
Plasma Mg concentration did not fall below 20 mg/l throughout the experiment Infusion of 
water and 220 mmol YF A had no effect on plasma Mg concentration while infusion of 440, 660 
and 880 mmol of YF A tended to cause a decline in plasma Mg concentration (Figure 7.7). After 
16 h of infusion plasma Mg concentrations had declined by 3.6 :t 1.4,2.8 :t 1.7 and 
2.3 :t 1.6 m&'l on the 440, 660 and 880 mmol YFA treatments, respectively. There were no long 
term effects of YF A treatment on plasma Mg concentration. 
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7.4 Discussion 
The results reported in this experiment were unexpected. Despite the increase in Mg solubility as 
a result of VF A infusion there was, surprisingly, no significant increase in apparent Mg 
absorption as estimated by urinary Mg excretion. There was no evidence for Mg accumulation in 
the body as' estimated by plasma Mg concentration. Indeed, VF A infusion led to a reduction in 
plasma Mg concentration suggesting that either net Mg absorption was impaired or that the flux 
of Mg from the sero~ to the mucosa was greater than the opposite flux from the mucosa to the 
serosa. 
With the increase in Mg solubility, viz. from 21 to 52 % after 16 h of 880 mmol VFA infusion an 
increased transfer of Mg from the lumen to the blood by either passive diffusion or energy 
facilitated transport mechanisms was expected. The lack of sustained response of Mg absorption 
to the imposed treatments is difficult to explain. 
Organic acids have been used to decrease rumina! pH in vitro (Smith & Hom, 1976), while 
Terashima et aI. (1976) used lactic, acetic or hydrochloric acids to manipulate digesta pH and Mg 
solubility, in vivo. Hom & Smith (1978) and Terashima et aI. (1976) have both had difficulty 
relating increased Mg solubility with increased Mg absorption. Similarly difficulties arise in 
explaining the lack of response in Mg absorption in the present experiment, especially in light of 
the fact that increased VFA absorption in the caecum of rats is associated with increased Mg 
absorption (Demigne & Remesy, 1985). In contrast to results of Demigne & Remesy (1985) 
Giduck, Fontenot & Rahnema (1988) obselVed no change in apparent Mg absorption from the 
rumen of sheep during infusion of a buffered VF A solution. It was obselVed by Giduck et al. 
(1988) that infusion of an unbuffered solution of the same acids decreased Mg absorption by 
15.7 %. It is possible that the VFA's are causing physiological changes to the epithelium and 
therefore the transport mechanism. 
The nature of the experiment described in this chapter only allowed obselVations to be made on 
net Mg transfer from the mucosal to the serosal side of the epithelium (JmJ. Net Mg abSorption 
involves a reverse flux into the lumen (JmJ (Care et al., 1984). The magnitude of both fluxes is 
partially dependent on the potential difference (p.d.) across the epithelium and although the effect 
of p.d. appears to be greater on ]ma an increase in ]IID has been ObselVed with increasing p.d. 
(Martens et al., 1987a). It is possible that in the present experiment changes in p.d., and therefore 
JmI, as a result of VFA infusion into the caecum, overwhelmed any positive effect of increased 
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Mg solubility on JIIII, thus the absence of a sustained increase in net Mg absorption Again the 
absence of measurements on the p.d. in the present experiment make it difficult to speculate on 
the mechanisms involved in Mg absorption from the large intestine. 
There is evidence in rats (yajima, Kojima, Tohyama & Mutai, 1983) that VFA infusion increases 
the p.d across the colonic epithelium. These authors infused 150 mM solutions of either sodium 
propionate, sodium butyrate or sodium chloride into the colon of rats at a rate of 25.5 mUd for 7 
days. The basal p.d. across the colon epithelium was 13.7 ± 2.7 mY. Infusions of sodium 
propionate, butyrate and chloride solutions increased the p.d. by 4.3 ± 0.6 mY, 5.1 ± 0.6 mV and 
8.5 ± 0.6 mY, respectively. 
In the rumen net Mg flux declines by approximately 3 % for every 1 mY increase in p.d. (Martens 
et al., 1987a ;Martens & Blume, 1986), within the physiological range. Assuming caecal VFA 
production is approximately 440 mmol per day (Faichney, 1969), then the 880 mmol infusion in 
tlie present experiment would cause a threefold increase in caecal VFA concentration. Using the 
Nemst equation (Florey, 1967) this threefold increase in VFA concentration is likely to increase 
the p.d. by approximately 3.5 mY, resulting in a reduction in net absorption of Mg in the order of 
11 %. Although this decline in net Mg absorption would help explain some of the decline in 
urinary Mg excretion and plasma Mg concentration at high VFA infusion it does not fully 
account for the changes observed and suggests that some other factor may be involved in 
impairing net Mg uptake from the large intestine. 
In the present experiment it appears that the animals were very sensitive to VF A infusion. The 
marked treabnent related reductions in feed intake, which were much higher than would be 
anticipated on an energy substitution basis, viz. 87 % reduction in intake with 10 % extra 
digestible energy intake, suggest that the VFA's interfered with receptors, possibly in the caecal 
epithelium. Short chain fatty acid receptors have been identified in sheep (Anil & Forbes, 1980) 
and it is possible that in the present trial the high VFA infusions reached these receptors, via the 
circulatory system, sending a signal to the satiety centre to inhibit feed intake. 
There is also the possibility that the VFA infusions in the present experiment 'poisoned' the 
absorption sites in the epithelium and impaired caecal motility. Svendsen (1972) infused 400 ml 
of 0.1 mmol, I mmolor 10 mmol undissociated VFA solution into the caecum and observed 
changes in caecal motility. Severe inhibition of motility was constantly recorded following 
infusion of 400 ml of the 10 mmol solution. This VF A concentration equates to 240 mmoVd and 
represents that of caecal digesta of a grain fed animal. Caecal motility during the infusion by 
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Svendsen (1972) decreased to less than 30 % of the control value. In the present experiment the 
three higher treaUDents were in excess of those used by Svendsen (1972) suggesting significant 
changes in the physiology of the hind gut may have occurred. 
The question arises, therefore, of the practical significance of the present work. It was initially 
proposed to work within the physiolOgical limits of the animal. However, a sufficient range of 
pH values was required to provide opportunity for change in Mg solubility and Mg absorption. 
The experimental design was therefore a compromise. 
Further research is required to ascertain the effects of different diets on digesta pH, Mg solubility, 
p.d. and apparent Mg absorption from the large intestine. Cannulation of the pole of the caecum 
would be an advantage as this is the major site of fennentation in the large intestine (Dixon & 
Nolan, 1982). However Ulyatt et al. (1975) reported that the caecum and the first region of the 
proximal colon act as a single compartment, therefore the proximal colonic samples collected in 
the present work were likely to be an appropriate indicator of the changes occurring in the 
caecum. Existing knowledge indicates that the potential exists for net Mg absorption from the 
large intestine and previous studies have indicated that for some diets up to 50 % of Mg 
absorption from the digestive tract occurs from the large intestine (Grace, 1983b). The results of 
the experiment discussed in this chapter have cast doubt on the mechanism involved in Mg 
transfer across the caecal and colonic epithelium (Dalley & Sykes. 1989; McLean et al., 1984) as 
the increase in solubility was not supported by sustained increases in urinary Mg excretion. 
Although the results tend to suggest that an active transport system may be involved the absence 
of measurements on the changes in p.d .• and therefore the unidirectional fluxes of Mg across the 
epithelium. make it difficult to draw any finn conclusion on the mechanism responsible for net 
Mg absorption from the large intestine. 
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CHAPTERS 
General discussion 
The data presented in Chapter 4 on the negative effect of K intake on net Mg absorption from the 
entire gastrointestinal tract suppon the results of many studies in the literature. However, the 
observation of considerable compen,satory absorption of Mg from sites distal to the rumen at high 
K intakes, when net Mg absorption from the rumen was low, is a novel finding and suggests a. 
need for further research into the large intestine as a site of net Mg uptake. Despite the negative 
effect of K on Mg absorption net Mg absorption at high K intakes can be increased by increasing 
Mg intake. 
While evidence suggests that up to 33 % of dairy cattle in New Zealand suffer from sub clinical 
hypomagnesaemia (young, O'Connor & Feyter, 1979), the clinical form of the disorder 
commands most of the research interest. A fine balance exists between the sub-clinical and 
clinical forms of hypomagnesaemic tetany. However, the factors responsible for triggering tetany 
are unclear. The data reported in this thesis suggest that reduction in net Mg absorption from the 
large intestine during periods of low Mg and high K intakes could playa role in inducing the 
changes that occur in Mg metabolism during periods of Mg deficiency and in precipitating tetany. 
It was observed in the worle reponed in Chapter 4 that increasing K intake within the range 
observed in New Zealand pastures (Smith & Comfonh, 1982) had a significant negative effect on 
net Mg absorption from the rumen and therefore, significantly increased Mg flow at the 
duodenum. At high K and low Mg intakes Mg absorption from the rumen almost ceased 
(Table 4.15). Many factors are known to influence net Mg absorption from the rumen and in 
Chapter 4 it was difficult to interpret the results without knowledge of the effects that K 
treatments were having on the 'potential difference (p.d.) across the rumen epithelium. Potential 
difference has been shown to be a major factor affecting the flux of Mg in both directions across 
the epithelium but, in particular, the flux from the mucosal to the serosal surface (Manens et aI., 
1987a). Several attempts were made to determine the changes in p.d. during the work reported in 
Chapter 4. However, a reliable technique was not established and was therefore not reponed. 
It is possible that the increase in pH and the decrease in Mg solubility observed in the rumen with 
increasing K supply may have had a role to play in the decline in apparent absorption of Mg. 
Increasing K supply to 36 g K/kg DM/d increased rumen digesta pH from 5.8 to 6.1 and 
associated with this increase in pH was a decline in Mg solubility from 38 % to 30 %. The 
magnitude of the change in Mg solubility with pH would have been predicted from the response 
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of Mg solubility to change in rumen digesta pH from the in vitro study reported in Chapter 6. In 
this work magnesium solubility in rumen digesta collected from animals consuming a concentrate 
diet declined from 62 % to 48 % with modification of digesta pH from 5.8 to 6.1, in vitro. 
Although Mg solubility values in vitro were approximately 20 percentage units higher than 
solubility values at the same pH in vivo the magnitude of change with pH was similar. 
Despite the almost complete inhibition of net Mg absorption from the rumen with high K and low 
Mg intakes, approximately 13 % of daily Mg intake was still absorbed (Chapter 4), suggesting 
Mg absorption from sites other than the rumen, and probably the large intestine. In Chapter 5 it 
was observed that, irrespective of site of Mg infusion within the large intestine, between 17 and 
20 % of infused Mg was absorbed. It is difficult to detennine whether the lower proportion of Mg 
absorbed from the large intestine at high K intake reflects an effect of K intake on absorption 
from the large intestine. Caution is required in making direct comparisons between the results of 
net Mg absorption from the large intestine in Chapters 4 and 5 because of the errors associated 
with calculating the coefficient of absorption, the relatively small differences, viz. 4-7 percentage 
units, observed in the coefficients between the two experiments and the fact that Mg may not 
have been in the same pools in digesta. However, as only 60-65 % of daily K supply was 
excreted in the urine (Chapter 4) at high K intakes, despite the expectation of significant 
absorption of K from the small intestine (Kay & Pfeffer, 1969), it may be that some of the 
remaining 35-40 % of K supplied entered the caecum and did impair net Mg uptake. 
Previous research has suggested that Mg absorption from the large intestine relies on passive 
transfer across the epithelium (Ben-Ghedalia et al., 1975; Dalley & Sykes, 1989). The urinary 
Mg excretion and plasma Mg data presented in both Chapters 5 and 7 cast doubt on this 
hypothesis and could allow the hypothesis that an active transport process may be involved as the 
absorption of Mg appeared to become saturated despite increasing solubility or availability of 
Mg. However, the absence of data on the changes in potential difference in both Chapters 5 and 7 
make it difficult to draw any finn conclusions on the Mg absorption mechanism in operation in 
the large intestine. In order to understand net Mg absorption from this site research is required to 
determine the size of the electrochemical potential and the factors affecting it. 
Field & Munro (1977) observed a constant but low efficiency of Mg absorption in sites distal to 
the duodenum and suggested that Mg uptake occurred by either passive diffusion or an active but 
unsaturated transport mechanism. Chapter 5 reported that Mg absorption occurred from all three 
sites within the large intestine and 17-20 % of infused Mg was absorbed on all treatments. This 
constant and relatively low rate of absorption, from throughout the large intestine, when four 
grams of Mg was infused during 24 hours could suggest saturation of an active transport system. 
However, as only one level of Mg, viz. 4 g/24 h, was infused into the tenninal ileum in this 
experiment, the absence of a response surface of Mg absorption to increasing Mg supply means 
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caution is required in speculating that an active transport system was becoming saturated. Results 
of a previous experiment in this laboratory (Dalley & Sykes, 1989) would tend to discount such a 
speculation as a linear increase in urinary Mg excretion was observed, with increasing Mg supply, 
when 0,0.5,1,2 and 4 g ofMg were infused into the tenninal ileum for 48 h. Care must be taken 
in drawing finn conclusions on the precise mechanism or physiological rates as the amount of Mg 
supplied during the experiment is likely to fall outside the range nonnally encountered in digesta 
entering the large intestine. 
A hypothesis of a possible non-passive mechanism of Mg absorption operating in the large 
intestine was also supported by the results reported in Chapter 7. The absence of a sustained 
increase in urinary Mg excretion when both colonic digesta pH was decreased by 2 pH units and 
Mg solubility increased from 21 to 52 %, led to the conclusion that availability may not be'the 
only factor limiting Mg absorption from the large intestine and that some energy dependent 
carrier system could be involved. Magnesium absorption is a net process involving Mg fluxes in 
both directions across the epithelium. Evidence exists in rats (yajima et al., 1983) for an increase 
in p.d. across the epithelium with VFA infusion. It is possible, therefore, that the infusion of 
VFA's into the caecum of sheep (Chapter 7) increased the flux of Mg from the serosal to the 
mucosal side of the epithelium thereby depleting the extracellular Mg pool, as reflected in the 
decline in plasma Mg concentration. It is unlikely that an increase in Mg flux from the serosa to 
the mucosa would have been large enough to be detected in faecal Mg excretion due to the errors 
associated with total collection of faeces and the short tenn nature of the infusion, viz. 24 hours. 
It is possible that a change in the p.d. in the large intestine was partly responsible for the lower 
(13 vs 17-20 %) Mg absorption observed at high K intakes (Chapter 4) compared with nonnal K 
intakes (Chapter 5). However, the reservations on making direct comparisons between Mg 
absorption results from the large intestine in Chapters 4 and 5, which were discussed previously 
in this chapter also apply here. More infonnation is required on Mg fluxes within the large 
intestine and the factors which influence net Mg uptake from this region of the digestive tract. 
There was evidence that Mg solubility in rumen and colonic digesta is responsive to pH both 
in vivo (Chapters 4 and 7) and in vitro (Chapter 6). However, differences in Mg solubility values 
at the same pH between the two systems were observed. In caecal digesta the highest solubility 
achieved in vivo during VFA infusion was 52 % at pH 5. Corresponding solubilities for 
concentrate, hay and grass diets at pH 5, in vitro, were 90, 90 and 80 %, respectively. The limited 
supply of substrate for the fonnation of insoluble Mg complexes during the in vitro study, and the 
removal of soluble Mg through absorption from the digestive tract in the in vivo study are 
possible reasons for the differences observed in Mg solubility, at the same pH, between the two 
systems. 
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The difference in response of Mg solubility to pH in caecal digesta observed between a range of 
diets, viz. herbage, lucerne hay and concentrate diets (Chapter 6) was surprising, particularly in 
light of the lack of response of Mg solubility to pH change in rumen digesta. At pH 7 Mg 
solubility in caecal digesta collected from animals offered hay was almost double, viz. 64 % vs 
36 %, that of digesta collected from herbage fed animals. Further research is required to 
determine the exact nature of the Mg compounds formed when Mg solubility declines and to 
ascertain whether the nature of the differences between diets in the response of Mg solubility to 
pH change (Chapter 6) is due to variation in digesta fermentation and mineral release in the large 
intestine. 
This difference in Mg solubility in the ' ;', caecum between diets may have practical implications 
in grazing animals where K intakes are likely to be elevated, Mg absorption from the rumen 
impaired, and compensatory absorption from the large intestine important. The higher proportion 
of available Mg with supplementary hay feeding may decrease the incidence of 
hypomagnesaemia. It is, incidentally common practice, for health reasons, for farmers to 
supplement fresh herbage with hay during early spring. Hay is often used as a carrier for Mg 
supplements such as calcined magnesite. However, iIi light of the higher solubility of Mg in 
caecal digesta of hay fed animals the beneficial effects of hay feeding may well be two-fold. 
Increased Mg solubility in the large intestine could enhance net Mg uptake from this site during 
hay supplementation. 
If there is opportunity to manipulate Mg absorption by using dietary supplements it seems likely 
that more variation in Mg solubility and absorption could arise from changes in the caecum rather 
than the rumen. More attention is required on the effects of diet on carbohydrate fermentation 
and digesta pH in the caecum and whether the differences between diets are large enough to alter 
Mg solubility and hence the potential for Mg absorption from the large intestine. 
The end products of carbohydrate fermentation are VFA's and significant amounts (6-15 % of 
energy digested; Orskov et aI., 1971; Karr, et al., 1966) can be fermented in the caecum. Oearly 
the possibility exists that such fermentation can modify conditions in the caecum. Further 
research is required to ascertain the effects of VFA's on the potential difference across the caecal 
epithelium and the unidirectional fluxes of Mg associated with this potential. 
Supplementation of diets with products likely to escape rumen fermentation may have the 
potential to increase net Mg absorption from sites distal to the rumen. Similarly if these data are 
substantiated and the importance of the hind gut in Mg absorption confirmed, it may be possible 
to develop, by plant breeding, pasture species from which carbohydrate release in the digestive 
tract is likely to occur at sites distal to the rumen. Caution is required, however, as excess VF A 
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production in the caecum may upset caecal motility (Svendsen, 1972) and impair Mg absorption 
(Chapter 7). 
It also appears that differences in caecal digesta pH and possibly carbohydrate fennentation occur 
between individual animals (Chapter 7). It may be that genetic differences in carbohydrate 
fennentation, digesta pH and Mg availability in the caecum could be partly responsible for the 
observed differences in animal susceptibility to hypomagnesaemic tetany. Field (1970), working 
with monozygotic twin cattle, alluded to large variations between sets of twins but very little, viz. 
less than 5 %, variation within pairs of twins, in their metabolism of Mg and hence their 
susceptibility to hypomagnesaemic tetany. 
It was concluded from the studies reported in this thesis that high K intakes impair Mg absorption 
from the rumen butMg absorption can be increased by increasing Mg supply. The importance of 
post ruminal absorption of Mg increases as rumen absorption of Mg decreases, and specifically as 
a result of K induced reduction in rumen absorption of Mg. Whether the increase in post ruminal 
absorption of Mg when net uptake from the rumen declines occurs because there exists some 
unknown regulation mechanism for Mg absorption, or as a result of increases in the amount of 
Mg arriving in the large intestine, is difficult to ascertain. Previous studies (Tomas & Potter, 
1976b;McLean et aI., 1984) have suggested that Mg absorption from the large intestine is largely 
detennined by the amount of Mg arriving at this site and that it is not affected by the amount of 
Mg absorbed from the rumen. 
Magnesium can be absorbed from throughout the large intestine. However, insufficient data on 
the physiological changes occurring in the large intestine during the experiments described make 
it difficult to draw firm conclusions on the Mg absorption mechanism operating in the large 
intestine. The evidence available from studies in this thesis suggest that an active system may be 
involved. Within the large intestine Mg availability is responsive to pH and it is possible that 
significant differences occur between diets which are not directly attributable to pH. 
: .... -- ..... ~ 
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Appendix 1 
Digesta flow and rumen volume calculations 
A 1.1 Duodenal digesta flow 
True digesta flow at the rumen was calculated according to the double marker technique of 
Faichney (1975). 
R = (Po - So) / (Sp - Pp) (1) 
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where po. Pp and PTD = concentrations of the particulate marker 
So. Sp and 8m = concentrations of the solute marker 
R = reconstitution factor 
To detennine marker concentrations the mean plateau concentration for each marker in both 
phases of digesta was calculated from samples collected over four days 
Marker concentrations = (cpm sample· (10/mIs of marker infused) 
(Po. So etc) infusate concentration 
Then 
5m = (So + R·Sp)/(1+R) = Pm =(Po + R·Pp)/(1+R) (2) 
And 
Flow = 115m = 1IPm (3) 
A1.1.1 Worked Example 
141Ce counts in whole digesta (WD) 
141Ce counts in supernatant 
S1Cr counts in whole digesta 
S1Cr counts in supernatant 
141Ce WD infusate concentration 
S1Cr WD infusate concentration 
S1Cr supernatant infusate concentration 
mean infusate volume 
Therefore 
'Po = (738.5 * 10/121.3) 
792.1 
= 0.0769 
PF =0 
So = 0.0945 
SF = 0.1020 
= 738.5 
=0 
= 907.8 
= 831.5 
= 792.1 cpm/ml 
= 790.0 cpm/ml 
= 671.8 cpm/ml 
= 121.3 ml 
.And R = 0.0769 - 0.0945 
0.1020 - 0 
= -0.1725 
STD = 0.0945 - (0.1706*0.1020) 
(1-0.1076) 
= 0.0929 
Flow True digesta 
= 1 
0.0929 
= 1O.76Ud 
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A 1.2 Calculation of magnesium flow at the duodenum 
Using equations 1 - 3, above, from Faichney (1975) the same procedures were followed except 
that Mg concentration in whole digesta and the supernatant fraction were substituted for marker 
concentration in equation 2 and the resulting value multiplied by the true digesta flow calculated 
in equation 3. 
Al.2.1 Worked Example 
Supernatant Mg concentration = 9.24 mg/loo g wet matter 
whole digesta Mg concentration = 9.128 mg/loo g wet matter 
R from duodenal digesta flow = -0.1078 
Duodenal flow rate = 10.76 kg/d 
SMa = 9.128 - (0.1078 ... 9.24) 
1 - 0.1078 
= 9.11 mg/l00g wet digesta 
Therefore Mg flow = 9.11 mg ... duodenal flow/d 
= 9.11 mg/loog'" 10.76'" 10 g 
= 980 mg or 0.98 g 
An assumption that 1 litre of duodenal digesta weighs 1 kg was made in this calculation. I am 
aware of the errors associated with this assumption but in the absence of a volume to weight ratio 
for whole duodenal digesta I was unable to make the necessary adjustments. The errors are likely 
to be small as the dry matter content of duodenal digesta in this experiment ranged from 4-6 %. It 
therefore seems unlikely that the weight of 1 I of digesta would be much more than 1 kg. 
A 1.3 Calculation of ~en fluid volume 
Volume = marker infusion rate cpm/d 
k • equilibrium marker concentration in the rumen 
where k = the slope of the rundown curve after stopping the infusion 
viz. the slope of the regression line oflo~(cpm) in duodenal digesta vs time (h) 
A1.3.1 Worked example 
infusate volume 
infusate SICr concentration 
rumen SICr concentration 
k 
So slCr volume in the rumen 
= 123 mVd 
= 86733 cpm 
= 1838 cpm 
= 0.0938 
= 123 • (86733/24 h) 
0.0938 • 1838 
= 2578 ml 
= 2.581 
164 
165 
A1.4 Calculation of magnesium solubility in rumen, duodenal, caecal and colonic digesta 
The following section outlines the procedure used for calculating the proportion of total digesta 
Mg that was present in the 30 000 g supernatant fraction. 
A 1.4.1 Methodology 
1. Using average % DM = A % means that each 100 g DM arises from 100g/(N100) or B g of 
wet digesta. 
thus for each 100g DM there are associated (B-1 (0) = C g water 
2. Using the supernatant Mg concentration ( D mg Mg/l) and the water content (C g) there is (D 
mg Mg/l)/(C*l 0-3 1) = E mg Mg in the water portion of digesta. 
3. Thus as a proportion E/F*100 % ofMg is in the supernatant portion (where F = Mg 
concentration of whole digesta as mg Mg/l00 g DM). 
A 1.4.2 Worked example 
average percent DM (A) = 16.68 % 
supernatant Mg (D) = 0498 mg/l 
average total whole digesta rumen Mg concentration (F) = 268.1 mg/l00gDM 
1. 100 g DM/(16.68/l00) = 599.5 g wet digesta (B) 
thus for each 100 g DM there are associated 599.5-100 = 499.5 g water (C) 
2. Using the supernatant Mg concentration of 49.8mg Mg/l and the water content (499.5 g) there 
is.498 mg Mg/l* 0.4995 1= 248.75 mg Mg (E) in the water portion 
3. Thus as a proportion 
= 248.75(268.1 * 100 
= 92.8% of Mg is in the supernatant fraction of digesta 
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Appendix 2 
Table A2 Magnesium and 'potassium treatment allocatidn to individual animals in each 
run of Experiment 1. 
Magnesium and potassium treatments 
Animal Run 
identification 
1 Mg 2 4 3 1 
K 2 2 2 2 
2 Mg 3 2 4 1 
K 3 3 3 3 
3 Mg 2 4 3 1 
K 4 4 4 4 ~ ... ;. . - ~ ... 
4 Mg 3 1 4 2 
K 4 4 4 4 
5 Mg 1 3 2 4 
K 2 '2 2 2 
6 Mg 1 3 2 4 
K 4 4 4 4 
7 Mg 2 3 1 4 
K 3 3 3 3 
8 Mg 1 4 2 3 
K 1 1 1 1 
9 Mg 4 2 1 3 
K 2 2 2 2 
10 Mg 4 1 2 3 
K 3 3 3 3 
11 Mg 4 1 3 2 
K 1 1 1 1 
12 Mg 1 4 3 2 
K 3 3 3 3 
13 Mg 3 2 1 4 
K 1 1 1 1 
14 Mg 3 1 4 2 
K 2 2 2 2 
15 Mg 4 2 1 3 
K 4 4 4 4 
16 Mg 2 3 4 1 
K 1 1 1 1 
TableA3 Diagrammatic representation of the infusion and sampling procedures carried out in each run of Experiment 1. 
1 2 3 4 5 
K&Mg 
infusion Start 
NaHC03 
infusion Start 
SlCr & 141Ce 
infusion Start 
Balance 
period- Start 
Digesta 
flow' 
Marker 
rundown+ 
* Balance sampling = urine, faeces and blood sample collection 
# Digesta flow = duodenal and rumen digesta sample collection 
+ Marker rundown = duodenal digesta sample collection only 
6 
Day 
7 8 9 10 11 12 13 14 
Stop 
Stop 
Stop 
Stop 
Start Stop 
Start Stop 
,~. : 
i::; .. ; 
> 
"0 
"0 
tD = CI. 
~. 
CM 
-~ 
2: 
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Appendix 4 
Table A4 Mean (t s.e.m.) urinary magnesiwn excretion (g/d)for individual animals 
during the balance period of each run in Experiment J. 
---
Urinary Mg excretion (g/d) 
Animal Run 
identification 1 2 3 4 
1 mean 0.47 0.64 0.82 0.25 
s.e.m. 0.033 0.078 0.028 0.026 
2 mean 0.75 0.31 0.74 0.26 . - . 
s.e.m. 0.017 0.027 .028 .018 
3 mean 0.28 0.55 0.42 0.21 
s.e.m. 0.039 0.054 .038 0.022 
4 mean 0.47 0.23 0.70 0.35 
s.e.m. 0.015 0.039 0.063 0.023 
5 mean 0.41 O.SO 0.58 0.85 
s.e.m. 0.044 0.025 0.029 0.023 
6 mean 0.16 0.38 0.31 0.82 
s.e.m. 0.019 0.036 0.019 0.018 
7 mean 0.35 0.49 0.16 0.79 
s.e.m. 0.033 0.036 0.023 0.026 
8 mean 0.34 0.71 0.56 0.88 
s.e.m. 0.034 0.073 0.044 0.050 
9 mean 0.73 0.60 0.32 0.63 
s.e.m. 0.052 0.054 0.034 0.057 
10 mean 0.63 0.34 0.26 0.52 
s.e.m. 0.035 0.066 0.024 0.027 
11 mean 0.82 0.36 0.80 0.48 
s.e.m. OJ»7 0.027 0.031 0.077 
12 mean 0.37 0.68 0.69 0.41 
s.e.m. 0.026 0.023 0.039 0.032 
13 mean 0.64 0.58 0.37 1.11 
s.e.m. 0.039 0.019 0.056 0.026 
14 mean 0.70 0.25 0.83 0.61 
s.e.m. 0.050 0.023 0.016 0.022 
IS mean 0.70 0.36 0.18 0.65 
s.e.m. 0.031 0.031 0.013 0.015 
16 mean 0.42 0.81 0.65 0.45 
s.e.m. 0.070 0.027 0.084 0.026 
Table AS 
Time 
(h) 1 
Ileal infusion 
0 2.8 
6 -17.1 
12 69.1 
18 -14.1 
24 0.2 
Colonic infusion 
0 2.9 
6 58.9 
12 83.2 
18 37.9 
24 24.2 
Rectal infusion 
0 11.2 
6 9.4 
12 56.9 
18 1.7 
24 -17.3 
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Change in urinary magnesium excretion (mglh)/or all animals during 
magnesium infusions 0/0.46 glh/or 10 hours into the terminal ileum, proximal 
colon and rectum. 
Change in urinary magnesium excretion 
Animal identification 
2 3 4 5 6 7 8 9 
-3.5 10.5 -2.3 4.5 25.6 -1.0 5.3 5.2 
46.1 4.9 29.7 46.5 36.8 59.6 -6.1 25.1 
52.8 101.3 51.1 25.9 -35.9 60.3 106.4 53.9 
42.6 31.0 34.7 62.7 114.1 40.8 32.4 43.0 
19.9 5.8 3.9 5.2 -39.7 -13.6 -44.8 -7.9 
-2.9 4.4 -13.1 0.9 1.6 -0.3 0.9 6.0 
68.3 9.1 0.1 11.4 -32.9 42.4 12.1 36.7 
18.9 57.1 139.1 45.4 115.8 86.9 76.9 47.7 
14.2 22.8 -26.0 -10.2 47.3 31.1 19.1 22.6 
9.6 0.1 18.6 -3.2 -36.2 0.2 4.6 10.4 
7.5 3.6 -6.5 -5.3 0.3 10.6 1.0 -0.5 
14.5 -9.3 51.0 13.0 41.2 48.2 71.1 65.2 
162.2 113.8 44.2 -23.0 80.3 60.7 208.7 79.5 
24.6 -15.5 -2.2 -14.7 5.7 9.7 82.9 19.0 
-5.5 3.5 0.9 -3.3 -8.8 5.9 1.5 15.3 
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Table A6.1 In vitro digesta pH and magnesium solubility values (%) of rumen and caecal 
digesta collected from sheep grazing grass 
Rumen digesta 
Post incubation 
pH Mg solubility 
0.96 
1.23 
1.68 
2.15 
3.77 
4.87 
5.67 
6.14 
6.17 
6.54 
7.01 
7.98 
8.57 
9.59 
10.90 
5.91 
1.55 
2.07 
3.85 
4.41 
4.37 
5.09 
5.07 
5.30 
5.27 
5.51 
6.20 
6.94 
9.56 
9.39 
0.96 
1.10 
1.43 
1.74 
2.53 
5.71 
7.40 
8.63 
9.02 
9.35 
9.68 
10.76 
10.91 
109 
111 
109 
106 
95 
78 
60 
60 
62 
60 
60 
8 
4 
3 
6 
60 
110 
109 
98 
89 
90 
75 
73 
65 
63 
59 
64 
24 
3 
3 
109 
108 
112 
114 
108 
80 
15 
5 
3 
3 
3 
4 
6 
Caecal digesta 
Post incubation 
pH Mg solubility 
1.14 
1.36 
3.63 
4.71 
5.76 
6.45 
6.74 
7.04 
7.41 
7.75 
8.32 
8.81 
9.15 
9.65 
6.77 
1.45 
5.00 
5.82 
6.18 
6.4 
8.53 
4.74 
9.67 
6.45 
1.16 
2.7 
4.43 
5.3 
5.56 
6.03 
6.43 
6.98 
7.54 
7.87 
8.13 
9.01 
9.22 
to.2 
1.43 
6.85 
8.09 
8.72 
6.59 
86 
85 
81 
80 
79 
46 
44 
37 
34 
31 
25 
20 
12 
11 
52 
90 
83 
82 
72 
58 
42 
28 
11 
45 
91 
83 
82 
74 
69 
58 
45 
31 
32 
25 
22 
14 
11 
9 
93 
36 
20 
13 
33 
Table A6.1 continued 
Rumen digesta 
Post incubation 
pH Mg solubility 
11.92 
12.07 
7.32 
1.49 
2.39 
4.26 
4.26 
5.75 
6.54 
6.10 
6.94 
7.03 
7.36 
8.46 
9.15 
9.78 
10.14 
7.38 
17 
16 
15 
98 
90 
87 
85 
69 
41 
47 
18 
20 
12 
4 
3 
3 
3 
8 
Caecal digesta 
Post incubation 
171 
pH Mg solubility 
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TableA6.2 In vitro digesta pH and magnesium solubility values (%) of rumen and caecal 
digesta collected from animals offered a lucerne hay diet .~';-:-;-:;:<':'-' 
Rumen digesta Caecal digesta 
Post incubation Post incubation 
pH Mg solubility pH Mg solubility 
0.86 104 1.22 103 
1.06 112 2.05 99 
1.41 111 3.73 98 
1.72 107 5.96 86 
2.91 108 6.33 75 
5.55 80 7.04 67 
7.07 45 7.41 62 
8.13 4 7.77 61 
8.96 3 8.08 54 
9.31 3 9.44 41 
9.51 3 10.12 40 
9.80 2 6.83 73 
9.91 3 1.49 99 
10.63 4 2.03 97 
11.39 5 2.98 94 
7.11 20 4.85 90 
1.32 95 5.45 86 
1.73 100 5.75 80 
2.67 102 6.35 72 
3.28 96 6.72 68 
3.27 104 6.94 65 
5.40 86 7.52 61 
5.38 81 7.87 59 
6.26 56 8.10 55 
6.26 52 8.41 49 
6.65 23 8.72 44 
6.65 18 9.09 40 
7.01 13 1.24 105 
7.99 4 2.25 105 
8.79 2 3.92 99 
9.60 3 4.67 93 
0.95 110 6.04 78 
1.21 105 6.22 67 
1.47 100 6.92 58 
1.95 99 7.39 54 
3.44 96 7.60 51 
4.91 79 8.08 45 
5.98 58 8.81 33 
6.47 40 10.25 32 
6.68 40 3.84 100 
7.06 25 4.98 95 
7.70 ' 24 5.31 87 
9.01 8 5.47 78 
9.35 11 6.55 63 
9.85 7 6.93 59 
Table A6.2 continued 
Rumen digesta 
Post incubation 
pH Mg solubility 
10.35 11 
6.15 59 
1.94 104 
3.43 97 
4.23 91 
4.27 89 
4.27 83 
4.73 84 
5.31 75 
5.27 77 
5.61 69 
5.60 65 
5.85 62 
6.37 58 
6.73 41 
7.18 35 
9.00 30 
6.38 74 
6.67 69 
8.92 45 
9.70 39 
Caecal digesta 
Post incubation 
173 
pH Mg solubility 
7.54 53 
1.11 97 
2.18 96 
3.72 95 
5.16 89 
5.93 83 
6.30 75 
6.69 70 
7.19 60 
7.35 64 
7.98 58 
9.11 43 
9.85 41 
6.76 75 
1.74 96 
4.67 89 
5.50 88 
. "<-:- < 
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Table A6.3 I n vitro digesta pH and magnesium solubility values (%) of rumen and caecal 
digesta collected from animals offered a concentrate diet 
.. ,-
!.:.:~:~:~: ::.-:-:: ;:,=-,~, 
Rumen digesta Caecal digesta 
Post incubation Post incubation 
pH Mg solubility pH Mg solubility 
0.68 93 0.80 92 
0.84 93 2.38 91 
1.35 96 5.06 85 
2.17 94 5.67 77 
3.90 88 6.44 66 
4.82 78 7.02 59 
5.44 63 7.31 57 
5.66 66 7.38 58 
5.79 65 8.60 40 
6.02 65 3.21 90 
.7.74 20 4.52 86 
9.43 8 5.88 76 
9.71 3 6.28 67 
6.13 72 7.02 61 
6.68 43 8.10 53 
6.35 62 8.56 43 
5.76 74 9.44 22 
5.76 73 1.15 108 
0.86 97 2.98 104 
0.84 96 5.43 95 
1.61 96 6.22 78 
1.42 97 6.46 70 
3.95 89 6.75 62 
4.36 82 7.30 64 
4.72 82 7.46 53 
5.32 68 7.93 51 
5.56 67 8.70 33 
5.87 71 10.49 6 
7.02 10 1.00 104 
8.95 6 3.51 102 
0.70 97 4.35 99 
0.95 97 4.55 98 
1.49 104 4.82 94 
2.16 96 5.52 83 
4.10 102 5.98 78 
5.44 82 6.77 59 
6.46 21 7.25 56 
6.80 35 7.84 49 
6.66 43 7.44 53 
7.17 16 8.85 32 
8.33 4 10.07 13 
9.12 5 0.74 92 
9.36 2 1.02 90 
9.55 1 2.13 91 
10.39 4 5.05 90 
10.75 7 5.68 74 
Table A6.3 continued 
Rumen digesta 
Post incubation 
pH Mg solubility 
0.77 
0.97 
1.44 
1.93 
3.92 
5.05 
5.57 
5.98 
6.25 
6.64 
6.79 
7.13 
8.24 
9.36 
10.00 
0.87 
1.10 
1.53 
1.92 
3.21 
5.07 
6.49 
6.80 
6.95 
7.31 
8.77 
9.45 
9.81 
10.39 
10.86 
6.56 
3.53 
4.44 
4.97 
4.95 
6.37 
6.37 
6.77 
6.78 
6.95 
7.00 
7.55 
7.78 
8.84 
9.54 
10.51 
94 
92 
92 
88 
82 
78 
67 
53 
38 
7 
24 
18 
5 
2 
1 
95 
92 
92 
93 
90 
72 
20 
8 
13 
11 
2 
3 
15 
10 
7 
22 
100 
95 
85 
81 
34 
34 
11 
11 
7 
8 
-4 
5 
2 
4 
9 
Caecal digesta 
Post incubation 
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pH Mg solubility 
6.65 
7.84 
8.37 
8.89 
9.86 
11.61 
6.65 
5.31 
5.68 
6.14 
6.60 
6.59 
7.36 
7.46 
8.14 
59 
46 
37 
27 
6 
4 
65 
85 
79 
70 
61 
62 
56 
56 
50 
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Appendix 7 
Detennination of the volatile fatty acid infusion treaunents used in Chapter 7. 
A 7 .1. Validation of caecal VF A infusion infusion rates from the literature 
Faichney (1969) offered 45 kg sheep 900 g of dried grass cubes of 88 % dry matter (OM) and 
total digestibility of 60 % and measured volatile fatty acid (VFA) production rates in the caecum 
of 440 mmoVd. 
Therefore VFA production/g OM arriving in the caecum can be detennined as follows: -
intake = 900 g 
dry matter intake 
digestibility is only 60 % so 
= 900· 0.88 
=792g 
= 792· 0.6 
= 475 g available for digestion 
assuming that 60 % of available material is digested in the rumen then rumen fennentation 
removes 475 • 0.6 = 285 g of available DM. 
therefore 190 g of OM is available for fennentation in the small and large intestines. Assuming 
the bulk of the OM arrives in the caecum then: -
440 nunol VF Nd 
19090M 
= 2.32 mmol VFA produced/g OM entering the caecum/d 
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A7.2. Application of literature reports to volatile fatty acid infusion 
Animals used in the trial weighed 40 kg and were offered 712 g OM of a concentrate diet and 92 
g OM of lucerne hay with a combined digestibility of 0.72. 
Therefore OM intake =804g 
72 % digestibility = 579 g available OM 
70 % digestion in the rumen because of an assumed lower fibre content-
= 405 g OM removed in the rumen 
leaving 174 g OM available for fermentation in the large intestine 
Therefore caecal VFA production = 174 g OM • 2.32 mmol VFA/g OM 
= 404 mmoVd 
As this was close to that reported by Faichney (1968) and many assumptions were made in 
arriving at this value the decision was made to use 440 mmol VFA/d as 'normal' caecal 
production. 
- I made the assumption that more material would be digested in the rumen with the concentrate 
diet compared with the dried grass used by Faichney (1968). If rumen digestibility was only 
60 % with concentrates the subsequent caecal VF A production would be 538 mmol/d and 
conversely if rumen digestability was 80 % then caecal VFA production would be estimated at 
270mmoVd. 
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A 7.3 Calculations for preparing volatile fatty acid infusates 
Relative proportions of the individual acids required based on results of Faichney (1969) were 
0.80: 0.15: 0.05 of acetic: propionic: butryic, respectively. A decision was made to only used 
the 3 single chain fatty acids and not include any of the branch chain acids produced in the 
caecum and reported by Faichney (1969). These branch chain fatty acids equalled about 3 % of 
caecal VFA production therefore the ratio above is not exactly the same as values cited by 
Faichney (1969). 
Calculations 
1 M solutions of acetic, propionic and butyric acids require 60.1, 74.1 and 88.1 g of concentrated 
acid, respectively, in 1 litre of water. 
In the current experiment the ratio of acetic: propionic: butryic acids was 0.8 : 0.15 : 0.05 
therefore only required 
and 
to make up aiM solution 
0.8 '" 60.1 = 48.0 g acetic acid 
0.15 '" 74.1 = 11.1 g propionic acid 
0.05 '" 88.1 = 4.4 g butyric acid 
It was calculated that nonnal caecal VF A production was 440 mmoVd so the amount of each 
concentrated acid required was 
48.0'" 0.44 = 21.1 g 
11.1 '" 0.44 = 4.9 g 
4.4'" 0.44 = 1.9 g 
Total = 27.9 g VFA in the required volume of water 
This was made up as a stock solution at the beginning of the experiment so that for each run the 
appropriate amount of stock solution was made up to 2016 ml with water (2016 ml was the 
delivery rate of the multichannel peristaltic pump tubing that I chose to use). 
>: .. 
The amount of VF A stock solution (g) required to be made up to 2016 ml with water for the 5 
treatments was: -
Treatment 
water 
220mmol 
44Ommol 
660mmol 
880mmol 
VFAadded 
(g) 
o 
13.95 
27.90 
41.85 
55.80 
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